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ABSTRACT
THE EFFECT OF THICKNESS AND INTERFACE INTERACTIONS
ON STABILITY OF MOLECULAR GLASSES
Yi Jin
Zahra Fakhraai
Nanometer-scaled thin films of molecular glasses have been widely applied in
photovoltaics, organic light emitting diodes, protective coatings and nano-imprint
lithography. Studies show that thin films exhibit enhanced overall dynamics, which may
affect the stability of thin films produced by physical vapor deposition. Developing a
systematic study on the effect of film thickness and the nature of interface interactions (at
free surface and film/substrate interface) can therefore help understand how stability of a
vapor deposited thin film changes according to its dynamics. In this thesis, I will first
introduce the construction and operation of an ultra-high vacuum physical vapor
deposition setup that allows for a high-throughput preparation of vapor deposited glasses
with different substrate temperatures while sharing similar thicknesses.

This setup

facilitates studies on the structural properties of vapor deposited thin films, such as
morphology and anisotropy. The mass density of vapor deposited glasses of various
thicknesses, as a measure of their thermodynamic stability, was investigated on thin films
of vapor deposited glasses. Results show that the density of vapor deposited glasses
formed under certain conditions exceeds the stability of a limiting equilibrium
configuration state, i.e. supercooled liquid. The formation of a high-density liquid state
has been hypothesized but had not been experimentally identified in the past. I further
demonstrated that by altering the supporting substrate interactions of a vapor deposited
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film to enhance the degree of interactions between the film and the substrate, the degree of
stability can be further improved. Preliminary data found that the kinetic stability can also
be improved when a weakly interacting substrate is replaced with neutral substrate. These
studies may not only inspire new strategies for industrial applications, but also help
elucidate the fundamentals of the dependence of glass stability on film dynamics in
molecular glass systems.
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CHAPTER 1 : Introduction
1.1. Glass Transition
Glasses are amorphous materials that partially resemble structural and mechanical
properties of both solid and liquid. 1 There are a variety of substances that form glasses,
for instance, inorganic compounds, metallic alloys, colloids, and organic molecules
ranging from oligomeric to polymeric species. While glasses lack well-defined long-range
ordering of crystals, they have the advantage of being free from confinement to grain
boundaries. Glassy materials are therefore indispensable for industrial applications, such
as pharmaceutics, 2–6 optical fibers, hole-transport layers in organic electroluminescent
devices, 7–9

coating

materials

for

resistance

to

corrosion, 10

and

nanoimprint

lithography. 11,12
Most of these applications require an intensive understanding of the formation and
mechanical properties of glassy materials. In films thinner than 100 nm, they exhibit very
different behaviors from bulk films.

In this chapter, I will first introduce the

thermodynamic properties of glasses, and phase transition between glass and supercooled
liquid. Next, I will describe the formation process of thermodynamically stable glass.
Finally, I will discuss the existence of mobility gradients within a glass film, and how it
impacts the stability of a glass.
1.1.1. Thermodynamics of Glass – a Non-Equilibrium State
As schematically shown in Figure 1.1, an easy and common approach for making a glass
is by cooling a substance from its liquid state, at a sufficiently rapid rate, to below its
melting point (Tm ) while avoiding crystallization. The substance forms a metastable state,
known as a supercooled liquid (SCL). Upon further cooling, the particle motion slows down
1

drastically, and eventually cannot undergo molecular arrangement fast enough to maintain
the SCL state. The system thus falls out of equilibrium and forms a glass, at the temperature
known as the glass transition temperature, Tg .
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Figure 1.1. The volume, or enthalpy, of a substance, as a function of temperature. The
melting point of the substance is labeled as Tm . The glass transition temperature, denoted
as Tg , is indicative of the energy of the glassy state; the lower the Tg , the energetically
lower the glass state. A lower Tg can be obtained by a slower cooler rate, or a longer aging
time. When the y-axis represents entropy, the intersection between the crystal line and the
extrapolated supercooled liquid line is the Kauzmann temperature, TK .

Glass transition is a path-dependent process. As shown in Figure 1.1, when a slower cooling
rate is applied, the glass transition temperature will be lowered, thereby obtaining a glassy
state at a lower energy landscape. Another path towards obtaining a lower energy glassy
state is through a process known as physical aging – glasses have a thermodynamic driving
force to progress towards the fully-equilibrated SCL state, in terms of properties such as
density and enthalpy. Aging can take place at temperatures well below Tg , however, due to
extremely slow structural relaxation time (τα ), aging is usually a very slow process.

2

The glass transition temperature, Tg , is defined by the intersection of the linear fit of
supercooled liquid, and the linear fit of liquid-quenched glass. Given that the properties of
a liquid cooled glass depends on the cooling rate, the conventional Tg for a glass is defined
as the transition temperature when the cooling rate is 10 K/min.

This cooling rate

corresponds to a molecular relaxation time, τα , of approximately 100 s, and viscosity, η,
of approximately 1012 Pa s. The relationship between cooling rate and Tg is dependent on
the fragility of the glass, or activation barrier for rearrangement at Tg . 13–15
The y-axis of Figure 1.1 can also be used to represent the entropy of a substance. As
the temperature decreases below Tm , the difference between the entropy of supercooled
liquid and crystal decreases. If glass transition does not occur upon cooling, there exists a
temperature (higher than 0 K) where the extrapolated SCL line intersects with the crystal
line, known as the Kauzmann temperature, TK . The limit of entropy of a perfect crystal
as temperature gradually approaches 0 K is zero. As temperature is further lowered below
TK , the entropy of SCL will hypothetically become lower than that of a crystal, and result
in negative values. This is physically trivial since entropy is always non-negative. Such a
paradoxical phenomenon is known as the Kauzmann entropy crisis. 16
1.1.2. Glass Transition – Theories
Glass transition between a supercooled liquid phase and a glass phase appears to be a
second-order phase transition, but is actually falling out of equilibrium. This is because the
change in volume and entropy is continuous at the glass transition, while the second-order
derivatives of Gibbs energy with respect to temperature, also known as response functions,
are discontinuous. This is experimentally evident in the change in specific heat, where the
change from SCL to glass undergoes abrupt change at Tg . Specific heat, CP , by definition
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is expressed as follows:

CP =

∂H
∂T




= −T

P

∂ 2G
∂T 2


(1.1)
P

The discontinuity of CP at Tg is due to the discontinuity of the second-order derivative
 2 
∂ G
term,
, at Tg .
∂T 2 P
It has been hypothesized that an underlying second- or first-order phase transition below
Tg can help prevent the Kauzmann crisis.
Several theories describing the phenomenon of glass transition have been developed; we
shall hereby introduce a few of them.
Adam-Gibbs Model
The Adam-Gibbs (AG) Model describes the glass transition from an entropy approach. 17
The total entropy of the system is expressed as a sum of vibrational (Svib ) and
configurational entropy (Sconf ). Within the size of a region known as a cooperatively
rearranging region (CRR), molecules can relax to a new configuration, while CRRs are
assumed to be independent of each other. The size of CRRs is proposed to be dependent
of temperature – as temperature is decreased, the system has a smaller Sconf and thus
reduces the number of CRRs, therefore more molecules are contained within an average
CRR, which increases the size of CRRs. In other words, more molecules are required to
move in coordination as temperature is decreased. The connection between relaxation
time and configurational entropy of the system is explained by AG model.

This

molecular-kinetic model lays the foundation for many other theories, such as Random
First-Order Theory (RFOT), 18 which supplement the AG model to better support
experimental findings on CRRs.

4

Gibbs-diMarzio Theory
The Gibbs-diMarzio Theory views the experimental glass transition as a signature of an
underlying thermodynamic (second-order) phase transition.

Based on polymer glass

systems, the thermodynamics of amorphous phases are obtained by approximating to
quasi-lattice model. This theory predicts that the phase transition occurs at the Kauzmann
temperature, TK . 19,20 When temperature is decreased, the conflict between bulky
low-energy configurations and contraction of the glass volume develops, until the number
of accessible configurations decreases to a small enough figure that is defined as ”ground
state of amorphous packing” for melts at T < TK . This theory makes quantitative
predictions of variations of volume and heat capacity with temperature, found to be in
excellent agreement with experimental results.

1.2. Stable Glasses
1.2.1. Physical Vapor Deposition
In 2007, a novel type of glasses was reported – formed through physical vapor deposition
(PVD), they exhibit exceptionally high thermodynamic and kinetic stability. 1 (The
stability resembled glasses naturally aged for thousands or millions of years.) It has been
suggested that surface mediated equilibration (SME) mechanism exploits the enhanced
surface dynamics during the PVD process – as-deposited molecules on the free surface
undergo structural rearrangements and adopt more stable configurations before being
buried by the subsequent layer of incoming molecules. The structural and mechanical
properties of these PVD glasses can be tuned by controlling substrate temperature of
deposition (Tdep ), 21–23 and rate of deposition. 24,25 The deposition temperature dictates the
relaxation time of molecules at the free surface and the energy difference between a glass
and its corresponding SCL at the same temperature, whereas the deposition rate governs
5

the time allowed for molecules at the free surface to rearrange prior to losing mobility due
to being buried.
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Figure 1.2. Volume or enthalpy as a function of temperature throughout a dilatometry
process, where a PVD glass is annealed to a supercooled liquid and cooled to
liquid-quenched glass. Direction of change is indicated by arrows. The substrate
temperature of deposition is labeled as Tdep , the fictive temperature of the PVD glass is
labeled as Tf , and the onset temperature of transformation into supercooled liquid is
denoted as Tonset . The density increase of the PVD glass with respect to liquid-quenched
glass (usually measured at room temperature) is labeled as ∆ρ.

1.2.2. Indication of Stability and Resulting Properties
Stable glasses are produced at lower positions on the energy landscape, where the energy
of non-equilibrium states vary along a conformational coordinate. The stability of a glass
can be indicated by various physical quantities – thermodynamic stability is shown by
having lower fictive temperature or lower enthalpy), 1,23,26,27 lower heat capacity, 28,29
higher mass density; 21,23,30 kinetic stability is shown is having higher onset temperature of
transformation. 1,24,31–33 Additionally, other favorable features such as tunable optical
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properties (molecular orientation), 34–36 transformation into supercooled liquid through
growth fronts, 33,37–42 and lower water uptake 43 are also observed in some stable glasses. In
correspondence to parameters in Figure 1.2, PVD glass, compared to liquid-quenched
(LQ) glass, have lower Tf , larger ∆ρ and higher Tonset , comparable to glasses aged under
natural conditions over thousands or millions of years. For example, Kearns et al. have
shown that to arrive at the same position on the energy landscape as vapor-deposited
glasses of 1,3,5-trisnaphthylbenzene (TNB), a liquid-quenched glass would need to
undergo an aging process between one thousand and one trillion years. 27
1.2.3. The Limit of Thermodynamic Stability – Supercooled Liquid
The PVD method has made probing of glassy systems that resides at low energy levels
experimentally accessible. As hypothesized by the surface mediated equilibration (SME)
mechanism, molecules on the free surface equilibrate towards more effective structural
packing. The lowest energy state affordable through PVD is hypothesized to be a state
where all molecules is fully equilibrated, or essentially the supercooled liquid state. Thus
the density and enthalpy of PVD glass should converge towards that of SCL.
In fact, this has been demonstrated by the fact that studies on PVD glasses reported to date
have only achieved a 1.5 – 2.0% density increase with respect to liquid-quenched glass
at the empirically optimum deposition temperature of 0.80 – 0.85 Tg . 30,34,44,45 All of the
PVD glasses in these studies were bound by the supercooled liquid; the density of the PVD
glass is always smaller than or equal to that of the SCL. To the best of our knowledge, the
scenario where density of PVD glass is closest to that of SCL has been reported by Ediger
and co-workers, where PVD glass of ethylbenzene was found to have specific volume (or
density) identical to SCL when prepared at substrate temperatures as low as merely 2 K
above the Kauzmann temperature of ethylbenzene. 46

7

As an example, the density limit defined by supercooled liquid in the molecular system of
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) can be found in Figure 4.11.

1.3. Thickness and Substrate Dependence of Dynamics in Glassy Films
1.3.1. Enhanced Surface Mobility
Glasses of thickness several hundred nanometers or above demonstrate bulk properties,
whereas nano-scaled glasses have properties that significantly deviate from the bulk.
Theoretical and experimental studies show that a mobility gradient close to interfaces
exists in polymeric and oligomeric molecular glasses, where the estimated relaxation time
on the free surface is orders of magnitude faster than that of the bulk at temperatures
slightly lower than Tg . 47–49 The relaxation time at the free surface and in bulk have been
characterized by methods such as dewetting, 50,51 surface grating decay, 52–54 surface
diffusion, 55 simulation studies 56 and many others. 57
As the thickness of the glassy film is decreased, the free surface layer becomes dominant
in the overall dynamics of the film. The enhanced surface mobility has both favorable and
adverse effect on the overall stability of the glass. Mobility allows for approaching more
stable packing configurations of molecules. However, since highly mobile ultrathin glass
films are also more susceptible to dewetting, 58 physical aging, 59,60 nucleation and
crystallization, 61–63 the overall stability can be undermined. 6 Therefore, it would be
imperative to investigate and understand the fundamentals of thin film dynamics, in an
effort to find a thickness range where a trade-off between thermodynamic stability and
kinetic instability can be achieved.

8

1.3.2. Length Scale of Correlation of Dynamics
Studies on the overall dynamics of glassy films often require employing a proxy parameter
as an indicator of the mobility of molecules to rearrange. For example, the glass transition
temperature, Tg , has been used in experimental studies of polymeric systems. The Tg of
polystyrene films decrease as thickness is decreased to below 60 nm. 51,64–68 Oligomeric
molecular glass systems are different from polymeric, due to the lack of chain
entanglement, and a distribution of molecular weight, thus the lowest thickness of
measurement is more limited, but the decrease in Tg is still clearly observed. To date, only
a few molecular glass thin films have been studied. 50,58,69
Another metric for quantifying the dynamics of a glass film is the apparent activation
energy of rearrangement,

Ea .

In ultrathin films of the molecular glass,

N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), Ea decreases sharply as film
thickness is decreased to below 30 nm, corresponding to a change of mechanical behavior
from glassy solid-like to liquid-like. 50 Ultrathin films are also shown to remain mobile far
below bulk Tg . All these indicate that the dynamics in film thinner than 30 nm are strongly
enhanced due to the enhanced surface dynamics. Since the dynamics of ultrathin films are
also correlated with their supporting substrate, glasses on a repulsive substrate show a
very low Ea .
1.3.3. Effect of Substrate Interactions
Glass films supported on substrates encounter two interfaces that simultaneously affect the
overall film dynamics, the free surface, and the film/substrate interface. It was found that in
polymeric films thinner than ∼20 nm, when supported on strongly interacting substrates,
dynamics in the film can decouple and present two distinct glass transitions. 70 In oligomeric
molecular glass systems, chain effects can be eliminated. In the case of thin TPD films, in
9

the thickness range of 30 – 60 nm, a smaller extent of Tg reduction is observed when
TPD is supported on a near-neutral substrate (polystyrene dead layer, wetting) compared
to a weakly interacting (silicon dioxide, dewetting) substrate. 71 TPD films supported on
both types of substrate show sharp reduction of Ea at the same length scale of ∼30 nm,
suggesting that the length scale for the correlated dynamics is independent of interfacial
interactions.
Since the dynamics of glass films can be affected by film/substrate interactions, it follows
that in a thin PVD glass, where the film/substrate interaction is significant enough to alter
the overall dynamics of the glass film, it should also have an impact on the stability of the
PVD glass. To examine the effect of correlated dynamics in PVD films, we study and show
details of improved stability in thin PVD films of TPD supported on neutral substrates in
Chapter 5.

1.4. Summary
In this dissertation thesis, I will discuss my Ph.D. work on investigating the effect of
thickness and film/substrate interactions on physical properties of PVD molecular glass
films. These physical properties include thermodynamic and kinetic stability, optical
birefringence and anisotropy of molecular orientation.
In Chapter 2, experimental and data analysis methods involved in this thesis will be
described in detail. In Chapters 3 and 4, the morphological features of thin PVD films of
molecular glass will be investigated, as a prerequisite for reliable determination of density
profiles of thin stable glasses through dilatometry measurements. In Chapter 5, the effect
of film/substrate interactions on thin PVD molecular glasses will be studied. In Chapter 6,
I will present some preliminary results of molecular glasses formed by physical vapor
deposition through the sublimation method at a lower vacuum level. In Chapter 7, I will
10

focus on investigating the glass transition dynamics in binary mixtures of organic
molecules with distinct Tg for each component.
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CHAPTER 2 : General Methods
2.1. Abstract
In this chapter, we report the preparation and characterization of glass film samples used
in this thesis. Various experimental methods employed in this thesis, including operational
procedures and data analysis processes, will be described in detail.

2.2. Introduction
In Chapters 2 – 5, we study the physical properties of glasses of the molecule,
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD). This compound has been
widely studied due to its well-known glass forming tendency, along with its potential
applications in organic electronics. 7–9,12 In our studies, thin films of TPD were produced
using physical vapor deposition (PVD). The surface morphology of these films were
characterized using atomic force microscopy (AFM), while the optical properties, such as
thickness and refractive indices, were characterized through spectroscopic ellipsometry
(SE). For PVD glasses of different thicknesses, deposition temperature and substrate,
dilatometry measurements were performed using ellipsometry as a high-throughput
method to determine the density of the PVD glass, with the reference point being the
density of a well-defined liquid-quenched (LQ) glass.
In Chapter 6, PVD glasses were prepared with a lower vacuum level in a sublimation setup.
In Chapter 7, a series of miscible blends of glass forming organic molecules were prepared.
Characterization of glassy properties, such as glass transition temperature (Tg ), of PVD
glasses formed by low-vacuum sublimation and molecular glass blends, was performed by
differential scanning calorimetry (DSC).
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All other auxiliary instrumental analysis techniques will be described in the Supplementary
Materials section of each chapter.

2.3. Custom-Built Ultra-high Vacuum Chamber
In this section, we report the designing, building, maintenance and operation of a
custom-built ultra-high vacuum chamber in the Fakhraai lab. Physical vapor deposition
(PVD) was carried out in a custom designed ultra-high vacuum (UHV) chamber, as
described in our previous publications. 45 The idea of the design of the ultra-high vacuum
system is shown in Figure 2.1.

The vacuum level of the system was aimed at

10−8 − 10−7 Torr, a typical condition for most PVD experiments. Sample holders with
independent temperature control support a deposition substrate and generate a temperature
gradient within the substrate.

The glass forming material was placed on a thermal

evaporating source to vapor pressure.
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Figure 2.1. A drawing of the interior of the ultra-high vacuum chamber for physical vapor
deposition, views given from isomeric, front, left and top. The temperature gradient is
exerted along the x-axis, consistent with the mathematical calculations beginning from
Equation (2.2).
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2.3.1. Ultra-High Vacuum
Achieving the Desired Vacuum Pressure
Ultra-high vacuum (∼ 10−7 Torr) was achieved using an Edwards TIC pumping station
(Edwards Dry Pump and Turbomolecular Pump). A dry scroll pump (Edwards nXDS6i)
was used to lower the pressure to 2.7 × 101 Torr, before pumping down using a
turbomolecular pump (Edwards EXT75DX CF63), ultimately reaching a base pressure
around 2 × 10−7 Torr. The internal pressure of the chamber was monitored using a wide
range pressure gauge (Edwards WRG-S-DN40CF).
The chamber body and accessories attached to the chamber were made of stainless steels,
jointed by flanges and copper ring gaskets. The sealing between the chamber’s lid and body
was achieved by a centering FKM viton O-ring. A standby vacuum level below 10−6 Torr
was afforded by continuous pumping overnight.
Turbo Pump Station
The well-being of the turbo pump is crucial to the proper functioning of the UHV system.
Any abnormalities occurring on the pump, such as acoustic noise, or a slower-than-usual
pumping rate, should be attended.
In the history of our usage, we have had the tip seal of the scroll pump changed once, when
the scroll pump was unable to pump out air from the chamber efficiently. The ball bearings
within the pumping station are also recommended to be replaced on a regular basis of once
in every few years.
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2.3.2. Substrate Temperature Control
Construction of Sample Holders with Temperature Settings
Sample holders, made of UHV-grade copper, in dimensions of 1.25 inch × 1.00 inch ×
0.50 inch, were welded to liquid nitrogen (LN2 ) pipes. LN2 was used as a cooling source.
A Watlow Ultramic ceramic heater [constructed with aluminum nitride (AlN) ceramic, flat
square-shaped at 0.75 inch × 0.75 inch × 0.10 inch, maximum wattage of 200 W at 120 V,
wires insulated with alumina beads (Kurt J. Lesker Co.)] was placed inside a designated
slot within the copper block, and was used as the heating source. The temperature of the
copper sample holder was monitored using a type K thermocouple (Omega Engineering,
braided with Nextel sleeving) which was clamped to the copper block to achieve good
thermal contact.
Electrical circuits. To allow for accurate and precise control of substrate temperature,
two sets of identical electrical circuits, each comprising of the thermocouple and heater in
the vacuum system, and other components outside the vacuum system are constructed.
The power of the ceramic heater was adjusted by a variable output autotransformer (model
number TDGC2-0.3KVA, output range 0 − 130 V). The temperature of the substrate was
controlled with an Omega Platinum Series microprocessor-based PID controller,
CN16DPT-330. The temperature-control setup is illustrated in Figure 2.2.
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Figure 2.2. An illustration of the setup for temperature control of the substrate during
physical vapor deposition.
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proportional-integral-derivative (PID) control loop mechanism.
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To obtain a setpoint

temperature above room temperature, only heating is needed; whereas for a setpoint
temperature below room temperature, an interplay between the LN2 cooling source and
the thermoelectric heating source is required. A continuous small flow of LN2 is used, and
the heating is applied intermittently to maintain a temperature close to the setpoint
temperature. The temperature controllers have a fuse in the power output fuse at a 3-A
rating; to avoid overloading the circuit, the voltage applied on the heater is capped at 50 V.
After the electrical circuit is fully assembled, an auto-tune program was performed on the
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temperature controllers to initialize the PID settings.
Calibration of Substrate Temperature
The two temperature controllers used on each sample holder were calibrated against ice
water and boiling water, as described in the user manual. 72
To test the accuracy of the temperature settings outside of the 273 – 373 K range,
temperature values were measured for freezing chloroform, freezing ethyl acetate, and
boiling N,N-dimethylformamide (DMF). The results are listed in Table 2.1. All measured
temperatures agreed with literature data acquired from the CRC Handbook of Chemistry
and Physics 73 within 2 sigma or less, and the absolute errors were less than ±1 K.
Table 2.1. Comparison between standard temperatures and values measured by the
temperature controllers and calibrated according to the user manual outside the range of
273 – 373 K.
Reference Standard temperature from Temperature as measured

Error (K)

liquid

CRC Database (K) 73

by controller (K)

CHCl3

melting point, 209.8 ± 0.6

209.0

−0.8

EtOAc

melting point, 189.3 ± 0.3

189.2

−0.1

DMF

boiling point, 425.9 ± 0.5

426.8

+0.9

Ultra-high vacuum grease. The choice of UHV grease for the vapor deposition process
was made based on the following criteria: it should have a good thermal contact at the
working temperature, and exhibit minimal outgassing, since outgassed molecules could be
a source of contamination. Apiezon H grease was found to generate a high vapor pressure
of over 1 × 10−6 Torr at a temperature above 353 K, whereas Apiezon N grease, being
cryogenic in nature, was only suitable for use under 303 K, and could be used for preheating
to remove water on the surface of the substrate prior to PVD, otherwise the as-deposited
films would show contamination features. Apiezon PFPE 501, a silicone-free, PTFE-based
18

UHV grease, was applied in this UHV system, due to its low vapor pressure (1 × 10−7 Torr
at 383 K), wide working temperature range and decent thermal conductivity.
For single-temperature (single-Tdep ) samples, square silicon wafers were adhered onto the
copper sample stage with Apiezon PFPE 501 grease to facilitate thermal contact between
the copper stage and the silicon wafer. The temperature fluctuation of the silicon substrate
was found to be equal to the temperature fluctuation on the copper sample holder.
Depending whether Tdep was above or below room temperature, and whether or not
cooling with LN2 was required, the magnitude of temperature fluctuation was slightly
different. A Tdep above 298 K had a fluctuation of ±0.5 K within the setpoint temperature,
whereas a Tdep below 298 K had a fluctuation of ±1.0 K within the setpoint temperature.

A

Tdep

temperature
controlled
substrate

B

T = T(x)

T1

6.7 cm

T2

UHV
grease

vacuum level
~10–7 Torr

Apiezon
N grease
(for cold end)

25 cm

Apiezon
PFPE 501
grease
(for hot end)

alumina
crucible
TPD

heating
source

Figure 2.3. An illustration of the setup for physical vapor deposition inside the ultra-high
vacuum chamber: (A) single-temperature deposition; (B) temperature-gradient deposition.

Leveling of sample holders. For temperature gradient (T -grad) samples, since a long
strip of silicon wafer was to be bridged between two copper sample holders, the leveling
between the sample holders had to be well calibrated to reduce stress in the substrate. This
was done by adding 0.002-inch UHV brass filing sheets into the connecting joints between
19

the heater/thermocouple holding piece and the LN2 pipe-welded piece, with Apiezon
PFPE 501 grease applied between all joints.
Clamp Support. A number of clamping methods were experimented outside the
chamber with a silicon strip whose temperature on two ends were set at certain values.
Melting point standards (same as those used for calibrating the AFM stage, described later
in this chapter) were used for verification of the local temperature on a given spot on the
silicon temperature-gradient strip. While some clamps were able to fix the silicon piece in
place with no displacement, the thermal contact was not ideal, indicated by a discrepancy
between the predicted temperature on the gradient and the actual temperature where the
melting of the melting point standard took place. After trials on multiple clamping tools,
we found that binder clips afforded a good thermal contact – the actual temperature
aligned well with the predicted temperature.

Subsequently, multiple trials of PVD

experiments of bulk TPD have verified that the thermal contact with binder clip clamping
was reliable – the birefringence of as-deposited films were in good agreement with
literature data. 44
For temperature gradient (T -grad) samples, long strips of silicon wafers were mounted
between two copper temperature-controlled stages, and the two ends of the silicon strip
were clamped by binder clips. Apiezon PFPE 501 grease was applied on all contact areas
between solid surfaces to achieve the best thermal contact possible in vacuo.

Two

different temperatures were set at the two ends. When the temperature on both ends were
well equilibrated, a stable temperature gradient was generated within 20 seconds. The
amplitude of the temperature fluctuation on the hot and cold ends of the T -grad stage was
similar to the fluctuations of single-Tdep samples adhered to the copper sample holders.
The fluctuations of the temperature on various positions along the T -grad can be derived
from error propagation. The temperature gradient spatially spans across a length of
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6.7 cm. (See Figure 2.3B for a schematic illustration.)
2.3.3. Deposition Source
The glass forming material was placed into a 1-cc alumina crucible, pre-melted in a
vacuum oven (Fisherbrand Isotemp Model 281A), then placed into a heating basket
located at the bottom of the chamber. The distance between the heated glass forming
material and the temperature-controlled substrate was approximately 25 cm. The heating
basket was thermally heated using an external power source (TDK-Lambda GEN 8-90U).
During the heating of a batch of glass forming materials loaded in the crucible, a minority of
the materials would inevitably undergo thermal degradation, leaving residue in the crucible
that needed to be removed. It was found that solvent cleaning with dichloromethane with
sonication (repeated three times), followed by drying in a drying oven was able to clean the
crucible thoroughly without causing damage to the crucible.
2.3.4. Deposition Rate Control
A quartz crystal microbalance (QCM, Inficon STM-2 USB thin film rate/thickness monitor)
was placed at the same height as the sample holders, faced downwards for monitoring the
deposition rate and the film thickness (Figure 2.1). In Figure 2.4 an example of the baseline
fluctuations of the QCM signal prior to deposition is shown. The standard deviation of the
baseline deposition rate was found to be 0.05 Å/s (0.005 nm/s). This is also the typical
level of fluctuations in values during deposition at a constant rate. To ensure a minimum
signal-to-noise ratio of 3, we hereby assume the lowest accessible deposition rate to be
0.015 nm/s.

21

Figure 2.4. Interface of the STM-2 software in coordination with the quartz crystal
microbalance (QCM), used for monitoring the rate of vapor deposition of the TPD
molecule, (A) before and after the deposition, and (B) during the deposition. In this graph,
the baseline of the QCM was recorded, whereby the noise level was found to be
0.005 nm/s.

A shutter was used in the vacuum chamber, placed ∼2 cm away from the top of the
crucible containing the glass forming material, and was opened or closed to start or stop
the deposition of molecules on the substrate.
22

Photos of various parts of the chamber can be found in Figure 2.5.
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Figure 2.5. An overview of the interior and exterior of the ultra-high vacuum chamber for
physical vapor deposition, (A) outside view of the vacuum chamber; (B) bottom part
inside the chamber; (C) top part inside the chamber.
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2.3.5. Maintenance: Bakeout
Accompanying the usage of the UHV chamber is the accumulation of deposited residue in
the vacuum system. For such reasons, the UHV chamber needs to be baked out once every
1-2 months to remove the residue, assuming a usage frequency of one experiment per day.
The procedures for bakeout include the following main steps:
1. The detachable elements, e.g. copper sample stages, heaters and thermocouples,
QCM, crucible, RGA detector, shutter, were removed from the chamber body.
2. The internal of the chamber was cleaned by wiping away deposited residue with
solvents, e.g. toluene, chloroform (use with caution).
3. The chamber body was wrapped with heating tapes, followed by aluminium foil to
afford insulation.
4. The chamber was pumped down to vacuum, to below 10−4 Torr.
5. The cold trap was filled with LN2 .
6. The heating tapes were turned on. The voltage applied on the tapes, controlled by
variacs, should be in the range of 90–110 V. (Actual values may vary due to the
difference in the resistance of the heating tapes. It is recommended that the heating
tapes be checked of their resistance, and the voltage of variacs be tuned according
to a voltmeter.) The temperature of the chamber body should be monitored with
thermocouples regularly to be between 110 and 120 ° C. The duration for the chamber
to be at this temperature should last 40-48 hours.
7. The detached elements were cleaned accordingly.

Copper, stainless steel and

ceramic parts can be cleaned with organic solvents, such as toluene or
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dichloromethane. Stainless steel and ceramics can be oven dried, while copper parts
were dried with flowing N2 , and wrapped by aluminium foil before installing.
8. The LN2 in the cold trap should be replenished every 8 hours.
9. After the duration of heating has been reached, the variacs were turned off, and the
chamber was left to cool naturally. When the chamber was restored to below 50 ° C,
the gate valve between the cold trap and the chamber was closed.
10. The cold trap was taken apart. LN2 was emptied, and the cold trap was left to restore
to room temperature, then cleaned with organic solvents.
11. Heating tapes were removed from the chamber, and the chamber was opened.
12. UHV aluminum was wrapped on the inside of the UHV chamber. The detached
elements, having been cleaned, were reinstalled into the chamber.
13. Usage of the chamber was resumed.
2.3.6. Troubleshooting: Contamination in the Vacuum System
Contamination in the UHV chamber can compromise the quality of the film. Figure 2.6
gives an example of the difference in morphology of a thin film deposited in a clean
chamber in comparison to a contaminated chamber.
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Figure 2.6. AFM images of a 30-nm vapor deposited glass film of TPD prepared at
Tdep = 0.85 Tg , in a clean UHV chamber (left) and a contaminated UHV chamber (right).
The contaminated chamber produced a rough morphology in the surface.

In an effort to remove all possible sources of contaminants, the interior of the UHV
chamber was thoroughly inspected for any outgassing materials. During this process, the
plastic wires at the bottom of the chamber were removed, and the chamber was baked out;
however the issue was not resolved. Then the ceramic heaters, which had wires with
plastic coatings, were replaced with heaters with ceramic bead-coated wires. The quality
of the films were significantly improved, and the density of as-deposited thin (30–60 nm)
films of TPD deposited at 0.80 Tg < Tdep < 0.85 Tg was, on average, 1–2% higher than
films deposited from chambers right after bakeout with plastic-coated ceramic heaters.

2.4. Physical Vapor Deposition
Physical vapor deposition is well known for producing stable glasses. A widely consented
hypothesis for the formation of stable glasses through PVD is the surface mediated
equilibration (SME) mechanism – glass forming molecules on the surface have sufficient
mobility to rearrange to form lower energy configurations before buried by subsequent
layers of molecules. Assuming the formation of PVD glass takes on a layer-by-layer
fashion, every layer of molecules on the surface can access a near-equilibrium low energy
state, therefore lowering the overall energy of the PVD glass.
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2.4.1. Substrates for Physical Vapor Deposition
Silicon (100) substrates with 1 – 2 nm native oxide layer (one side polished) were purchased
from Virginia Semiconductors. Prior to use, the silicon wafers were cut into squares of
approximately 1×1 cm for single-temperature depositions, or rectangular strips of width
1.5 – 2.0 cm and length 8.5 – 9.0 cm for depositions on a temperature gradient.
2.4.2. Determining the Temperature along the Gradient
The temperature of a given point on the silicon wafer, T (x), as a function of its position
coordinate, x, is calculated by solving the Fourier’s law of thermal conductance: 21
#»
#»
q = −k(T ) ∇T

(2.1)

Where #»
q is the heat flux at all cross sections normal to the direction of the heat flow,
#»
k(T ) is the thermal conductivity of silicon as a function of temperature, and ∇T is the
temperature gradient. Given that silicon has a good thermal conductivity, we can assume
that at any given position, x, the temperature at the cross-section of the silicon wafer is
constant. Assuming a one-dimensional heat transport (along the x-axis, see Figure 2.1),
the equation simplifies to:
qx = −k[T (x)]

dT (x)
dx

(2.2)

Equation (2.2) can be rewritten as:

k(T )dT = −qx dx

(2.3)

With boundary conditions applied, definite integrals on both sides gives the following
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expression:
Thot
Z

Z∆x
k(T )dT = −qx dx = −qx ∆x

(2.4)

0

Tcold

Here, Tcold and Thot are the set temperatures of the cold end and hot end of the wafer,
respectively, and the position coordinates of the cold and hot ends are x = 0 and x = ∆x,
respectively. ∆x is also the length of the temperature gradient. Within this gradient, the
heat flux qx is a constant:
1
qx = −
∆x

Thot
Z

k(T )dT = const

(2.5)

Tcold

The thermal conductivity of silicon, k(T ), is given as the following equation: 74

85.8968
− 0.0011666 T /K + 3.72197 × 10−7 (T /K)2 ]
T /K
(2.6)

k/(W m−1 K−1 ) = 10∧ [2.20042 +

Therefore, for any position, x along the gradient, and its temperature, T (x), we can solve
the following integral with variable upper limit of integration:

T
Z(x)

k(T 0 )dT 0 = −qx

Zx

dx0

(2.7)

0

Tcold

If we define the function f (T ), such that k(T ) =

df (T )
,
dT

we get:

f (T (x)) − f (Tcold ) = −qx (x − 0) = −qx x
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(2.8)

T (x) = f −1 [f (Tcold ) − qx x]

(2.9)

We note that k(T ) is always positive, thus f (T ) are strictly monotonic functions of T .
Thus, inputting an x value within the domain of [0, ∆x] on the right hand side of Equation
(2.9) will result in a corresponding T (x) for a given x along the gradient. The T = T (x)
relationship is numerically calculated and plotted using MATLAB (version R2019a). An
example of a set of output calculation results, in which the temperature was fit against
position, x, into a cubic function, is shown in Figure 2.7A.
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Figure 2.7. The thermal profile of a T -grad sample with the boundary conditions of
Tcold = T (x = 0.0 cm) = 209.5 K (blue star), and
Thot = T (x = ∆x = 6.7 cm) = 307.0 K (red star). (A) The deposition temperature as a
function of position (x), Tdep = T (x), as the output as a cubic equation:
T /K = 209.489077 + 1115.779552(x/m) + 4019.019669(x/m)2 + 15627.291358(x/m)3 .
(B) Thermal conductivity, k(T ), versus x. (C) First derivative of temperature, dT /dx vs.
x. (D) Heat flux (in opposite direction of temperature gradient), −q, vs. x. The
observation that the curves in (B) and (C) are proportional to each other, and the curve in
(D) is a constant throughout its domain, verifies that the results of the numerical
calculations are valid.
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2.4.3. The Vapor Deposition Process
For this study, all depositions were performed at a deposition rate of either
(0.030 ± 0.005) nm/s or (0.20 ± 0.02) nm/s. All films with thicknesses below 50 nm were
deposited at (0.030 ± 0.005) nm/s unless otherwise specified. The shutter was opened
during the warming up of the heating source to observe an acceleration of the deposition
rate. The steady rate used throughout the deposition process is typically achieved within
the first 1 – 2 nm of deposition. In the case of the thinnest film in our study, i.e. a 30-nm
film, deposited at (0.030 ± 0.005) nm/s, the thickness of material deposited during the
acceleration process corresponds to less than 10% of its overall thickness. Upon obtaining
a desired thickness, the shutter was closed, reducing the deposition rate abruptly to zero
within 1 s. The power source was then turned off to terminate the deposition process.
Since the temperature of the hot end of the temperature gradient sample is typically above
Tg , the sample holder was cooled rapidly to below room temperature with flowing LN2 ,
where temperature is observed to drop by 20 − 30 K/min, in an effort to mitigate
dewetting on the higher temperature portions. The sample was then left in the chamber for
at least 30 min for both ends of the temperature gradient sample to reach room
temperature (heated at a rate of lower than 3 K/min), while the crucible simultaneously
cooled down to room temperature.
2.4.4. Uniformity of Film Thickness Along the Temperature Gradient
Due to slight variances in the distance between different positions on the silicon substrate
and the deposition source, there are slight thickness variations at different positions along
the substrate. To account for these variations, the thickness throughout a T -grad sample
was measured after a deposition for multiple deposition trials, to produce a thickness map.
It was found that the variations of the thickness along the gradient direction in T -grad
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samples used in this study were below 3% the average film thickness of each sample. An
example of the thickness distribution in a 200 nm TPD film deposited on a T -grad substrate
and subsequently transformed to LQ glass is demonstrated in Figure 2.8.

Figure 2.8. The spatial distribution of the thickness of a liquid-quenched TPD film,
measured by spectroscopic ellipsometry, after transformation of the vapor-deposited
T -grad sample. The average and standard deviation of film thickness was measured to be
206.3 nm and 3.3 nm, respectively (coefficient of variation, CV ∼1.6%).

Table 2.2. Variations of thickness in T -grad liquid-quenched (LQ) glass films in this
study.

Average thickness (nm)

Standard deviation Coefficient of variation
of thickness (nm)

of thickness

24.86

0.54

2.2%

30.20

0.67

2.2%

37.27

0.82

2.2%

45.06

1.05

2.3%

55.25

1.23

2.2%

71.65

1.53

2.1%

206.3

3.3

1.6%
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2.5. Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) is used to characterize the properties of molecular glass
films.

Using SE, film thickness, refractive index, and optical birefringence can be

determined through fitting. Additionally, in situ SE experiments can show changes in the
optical constants mentioned above as a function of time or temperature.
2.5.1. Characterization of Film Thickness and Refractive Index
Spectroscopic ellipsometry (SE) was used to characterize the properties of
vapor-deposited TPD films.

Using SE film thickness, refractive index, and optical

birefringence can be determined through fitting. SE was performed using a J. A. Woollam
spectroscopic ellipsometer (M-2000V) with a wavelength range of 371 nm – 1687 nm.
Raw ellipsometric angles, Ψ(λ) and ∆(λ), the amplitude and the phase of the ratio of the
reflection coefficient at two different polarizations,

rp /rs = tan ψ ei∆

(2.10)

were fit to an isotropic Cauchy model to obtain optical constants of the sample:

n(λ) = A +

B
λ2

(2.11)

k(λ) = 0
Here, n(λ) and k(λ) are the real and imaginary indices of refraction, while A and B and the
film thickness, h, are fit parameters. For most molecular glass films, A is between 1.5 – 1.7,
while B is in the range of 0 – 0.05 µm2 .
All SE measurements were performed with zone averaging with an acquisition time of
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1 s at every incident angle. The typical spot size of the SE beam is ∼ 300 µm. For SE
measurements at 298 K, where thickness and birefringence before and after transformation
were accurately determined, Ψ(λ) and ∆(λ) values were recorded at five incident angles:
55°, 60°, 65°, 70° and 75°. For variable temperature SE measurements, such as dilatometry
experiments, Ψ(λ) and ∆(λ) were measured at a single incident angle of 70° every 2.5 s
with zone averaging across 300 µm. Dry nitrogen gas was flown across the sample to
mitigate water uptake during experiments.
The fitting was performed on the reflectance data in the wavelength range of 600 – 1600 nm,
using CompleteEase software (version 6.50, J. A. Woollam Co.). A three-layer model,
which consists of a silicon layer, a 1.0-nm thick native silicon oxide layer, and a TPD glass
layer (Cauchy) was employed to fit the ellipsometric data (Figure 2.9). When needed, an
angle offset was also fit to account for slight variations of the angle of incidence.
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Figure 2.9. An example of the fitting (black dashed line) to raw SE data, Ψ (red) and
∆ (blue), for an as-deposited film [Tdep = (280 ± 3) K, ḣ = (0.030 ± 0.005) nm/s]. The
inset figure on the right depicts the physical structure of the model. The film thickness was
determined to be h = (51.02 ± 0.011) nm, with a refractive index of n = 1.739 ± 0.002 at
λ = 632.8 nm (A = 1.686 ± 0.002, B = (0.0210 ± 0.0006) µm2 ), and a fitting mean
squared error, MSE = 0.963.

34

2.5.2. Characterization of Birefringence
In as-deposited films of TPD with thicknesses above 60 nm, an optical birefringence is
observed, 36,44 which was also used as a fit parameter (Figure 3.7).

The optical

birefringence, δn, is defined as the difference between the out-of-plane index of refraction
(nz ) and the in-plane index of refraction (nxy ):

δn = nz − nxy ≈ Az − Axy

(2.12)

Given that B/λ2 term is relatively small compared to A in the fitting wavelength range of
600 – 1600 nm, it is assumed that the birefringence is independent of wavelength, and thus
equal to the difference between the out-of-plane (Az ) and in-plane (Axy ) values of A.
In thin films (thickness below 50 nm) of molecular glasses, the free fit parameters are film
thickness, A, B, and angle offset.

(The angle offset was helpful in decreasing the

fluctuation of thickness at a given temperature.) Whereas in thick films of molecular
glasses, an additional fit parameter, optical birefringence, was added to the fitting model.
The decision of whether or not to include birefringence as a fit parameter was made based
on the uniqueness of birefringence, when a birefringence (δn) was assumed as a fitting
parameter.

The error of determining birefringence mostly arises from the decreased

path-length of light in thinner films, which decreases the accuracy of fitting the index of
refraction. Under these conditions, fitting to a birefringent model results in over-fitting. In
this thesis, the error in birefringence is defined as half of the interval of δn where the
generated MSE error is less than 1.25 times the MSE of the best fit (minimum MSE).
More discussions on this topic can be found in Chapter 4.
Roughness of the film surface is usually fixed to zero, unless otherwise stated. Because
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a significant roughness (root-mean-square, RMS of above 2 nm, see ”AFM” section for
more information) would undermine the accuracy of the thickness of a film, generically a
molecular glass film is confirmed to be smooth at the beginning of the experiment before
conducting SE measurements. The roughness can be a free fit parameter when it is of
interest of observation.
2.5.3. Variable Temperature Spectroscopic Ellipsometry Experiments
As-deposited films were transformed on a temperature-controlled stage (Linkam Scientific
THMSEL350V ellipsometer stage, temperature range 77 – 623 K). Each sample was
adhered to the stage using a thermally conductive paste (Arctic Silver Ceramic
polysynthetic thermal compound). The temperature during heating and cooling ramps
were controlled by the system controller (Linkam PE95/T95). Temperature profiles were
written using temperature control and video capture software, Linkam Linksys 32.
We shall mention dilatometry experiments of PVD films as an example, where as-deposited
glass films undergo a heat-and-cool cycle to transform into a liquid-quenched (LQ) glass.
In this scenario, spectroscopic ellipsometry (SE) measurements were performed in in situ
mode, at the incident angle of 70°. Data was recorded at intervals of 2.5 s including zone
averaging time. To avoid water condensation dry nitrogen was flown across the sample
throughout the entire dilatometry process. The temperature, thickness, refractive indices of
the glass film, and mean square error (MSE) of the fitting model throughout the ramp were
monitored as a function of time. An example of a 50-nm PVD glass transformed to LQ
glass is shown in Figure 2.10.
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Figure 2.10. An example of dilatometry process for a stable TPD glass film deposited at
Tdep = (290 ± 3) K = (0.88Tg ), at a rate of ḣ = (0.030 ± 0.005) nm/s. (A) The
temperature ramp profile, (B) film thickness, (C) n at λ = 632.8 nm, and (D) The
mean-square error (MSE) of isotropic Cauchy fit as a function of time.

In a T-grad sample, the stability of the as-deposited glass is not uniform along the gradient
of the film. To ensure the complete transformation of the film, the in situ monitoring
of transformation was conducted on the portion of the sample where the local Tdep was
yielded a relatively high thermodynamic stability. The underlying assumption is that when
the more stable PVD glass is fully transformed, glasses at other portions of the T -grad
sample which are less stable would have fully transformed.
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2.6. Atomic Force Microscopy
In this study, the surface morphology of glass films were imaged by atomic force
microscopy (AFM). The surface roughness of a film can be quantified by the histogram
distribution of topology of the scanned pixel points on the film. The occurrence of
dewetting, as well as its extent, can be detected by AFM.
AFM images were captured in tapping mode using non-contact AFM tips from Budget
Sensors (Tap-300G, resonance frequency 300 kHz, tip radius of curvature <10 nm force
constant 40 N m−1 ). Images were captured with a screen resolution of 512×512 pixels. For
most AFM images, the scan area was 20 µm × 20 µm, which corresponds to a resolution
of 40 nm/pixel. Film roughness, expressed as the root-mean-square (RMS) of the height
on the surface, was calculated using Gwyddion software (version 2.54). (See Chapter 3 for
details on extracting RMS profiles from AFM images.)
A custom-built temperature stage is equipped to the AFM for variable temperature
measurements.

The thermoelectric heating stage comprises of a thermistor (Oven

Industries TR91-170) and a thermoelectric module (Custom Thermoelectric TEC) to
measure and control the sample stage temperature, along with a DC power supply to
control the temperature (Mastech HY3010E). The temperature of the heating stage was
calibrated with the following melting point standards, purchased from Sigma-Aldrich:
O

O
CH3(CH2)15CH2

OH

1-heptadecanecarboxylic

naphthalene

acid

m.p. (353 ± 0.3) K

benzophenone
m.p. (321 ± 0.3) K
m.p. (343 ± 0.3) K
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2.7. Grazing Incidence Wide-Angle X-Ray Scattering
The anisotropy of glass films can be investigated by X-ray scattering, in which the
difference in the scattering patterns along scattering vectors in various directions reflect
the difference in the orientation of molecules in a film. Grazing incidence wide-angle
X-ray scattering (GIWAXS) with a synchrotron light source was used in this study.
GIWAXS measurements were conducted on glass films at the National Synchrotron Light
Source II (NSLS-II) at Beamline 12-ID (for Soft Matter Interfaces, SMI) in grazing
incidence geometry, in Brookhaven National Laboratory (BNL). The synchrotron beam
has an energy of 18.2 keV (wavelength of 0.68 Å), and the beamline is equipped with a
Pilatus 1M detector. For the data presented in this chapter, the incidence angle was fixed at
0.10°.
Samples were subject to a vacuum level of < 6 × 10−3 Torr before exposure to
synchrotron beams, to reduce scatter from atmospheric gases. Typical exposure time for
the samples was XXX s. The optical properties of the samples were verified using
spectroscopic ellipsometry before the GIWAXS measurements. The GIWAXS data was
extracted using the Jupiter (Python-based) software package.

2.8. Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was mainly used to identify the glass transition
temperature and melting point of chemical substances in this study. In cases where DSC
samples were prepared on DSC appliances, DSC can also be used to determine the fictive
temperature and onset temperature (of transformation) of the sample.
DSC was carried out on a TA Instruments Q2000 DSC instrument, equipped with an
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RCS 90 chiller.
In a generic procedure, 5 – 10 mg of chemicals was placed in a DSC aluminum pan,
hermetically sealed with a T-zero lid (TA Instruments). The sample and reference (empty)
pans were weighed to a precision of 0.1 mg, loaded into the DSC cell by an autosampler,
and immediately cooled to 273 K. A heat-cool-heat-cool temperature profile was applied
over a temperature range of 273 K to Tm + 30 K (Tm being the melting point of the
substance), with all ramp rates at 10 K/min, unless otherwise stated.
While DSC is also widely used for determination of heat capacity, the procedures require
rigorous calibration of the DSC instrument. Calibration of the temperature, and zero-point
of heat flow, can be found in Chapter 7 of the thesis.

2.9. Deposition Through Sublimation
The sublimation process, where PVD takes place at a moderate vacuum level (10-4 Torr),
was performed using a 40-mL Dailey glass sublimation apparatus (Chemglass). The
procedures detailed by Kearns et al. to produce PVD samples in a sublimation apparatus
was adapted and modified to the following. 25,75
A turbo pump (Edwards Vacuum TS85D1002) was used to achieve a vacuum pressure of
nominally (5.0 – 8.0) ×10−5 Torr. The glass-based cold finger was fused with a copper
sample holder, with Kovar-to-Pyrex adaption. All modifications to the glassware were
accomplished with the help of the glassblower in our department, Karen Carraro. The
temperature of the copper sample holder was monitored by a type K thermocouple firmly
attached to the copper sample holder, and maintained at the desired substrate temperature,
Tdep , using a recirculating chiller, with the chilling liquid being ethylene glycol-water
solution (v/v 1:1 mixture, freezing point ∼236 K). (For Tdep < 283 K, the setpoint

40

temperature was usually set to 1.0 – 1.5 K lower than Tdep to achieve the designated Tdep .)
The distance between the base of the vessel and the cold finger was approximately 3 cm.
A silicone oil bath was used to heat the base of the sublimation apparatus, and the
temperature of the heated glass forming material was assumed to stay constant when the
temperature of the oil bath was kept constant. The sublimation vessel was loaded with the
glass forming chemical, premelted under dynamic vacuum to allow full outgassing of the
powderish material, then cooled back to room temperature and pumped with nitrogen to
room atmosphere before loading the aluminum pans for collecting PVD glass samples.
Five hermetic aluminum DSC pans (low-mass, ∼30 mg) were attached to the copper
sample holder using Apiezon H grease. The beginning of the deposition was defined as
the time when the oil bath reached the setpoint temperature, while the end of the
deposition was defined as the point when the oil bath heating was turned off, allowing the
glass forming material to cool. The sample pans were removed from the apparatus,
degreased and weighed. A schematic drawing and a photo of the sublimation setup can be
found in Figures 2.11 and 2.12.

Thermocouple

Chill water

Copper stage

Si wafers or
DSC pans

Apiezon H
grease

Glass films

To-be-deposited
molecules

Figure 2.11. Schematic drawing of the sublimation setup.
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Figure 2.12. Photo of the sublimation setup.

The deposition rate of the sublimation process was estimated as follows:

∆h
m
=
∆t
ρg · A · tdep

(2.13)

where m is the mass of material deposited, ρg is the density of liquid-quenched glass of the
material (reported in literature), A is the surface area of the hermetic pan (approximately
36.3 mm2 ), and tdep is the duration of deposition.
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2.10. Determination of Experimental Values
2.10.1. Glass Transition Temperature, Tg
By DSC Tg is determined upon cooling at 10 K/min, as either of the following: (a) the
midpoint between the onset and cessation temperatures of glass transition, i.e. (T+ +T− )/2;
or (b) the temperature at which the derivative of heat flow (or the derivative of heat capacity)
reaches its maximum. An example with the chemical TPD is shown in Figure 2.13. A
sample run consists of a heat-cool-heat-cool cycle; the Tg was compared between the two

A

Heat flow (a.u.)

cooling curves for consistency check, calculated independently and averaged.

exothermic

T+
Linear fit of
SCL
LQ glass

T−
Tg

dq / dT (a.u.)

B

Tg
300.0

320.0

340.0

360.0

Temperature (K)

Figure 2.13. Heat flow (in arbitrary units) as a function of temperature (A) and its first
derivative with respect to temperature (B) as measured by DSC, upon cooling at a rate of
10 K/min. Tg is determined as the midpoint between the onset of the beginning and the
end of the transition, i.e. (T+ + T− )/2. The Tg of TPD as measured by DSC is
(332 ± 2) K.

By SE The ellipsometry-based Tg of thick LQ films (h ≥ 200 nm), formed by spincoating
or PVD, were measured upon cooling at 10 K/min, using a fitting to the following equation
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as previously reported: 71,76



 


M −G
T − Tg
h(T ) = w
ln cosh
2
w


M +G
+ (T − Tg )
+c
2

(2.14)

Here h(T ) is the thickness at temperature T normalized to thickness at a temperature above
Tg , where a supercooled liquid exists as a stable form. M and G are thermal expansion
coefficients of the SCL and the glassy regimes, respectively, w is the width of the glass
transition, and c is the normalized thickness of the film at Tg . All of the above were free fit
parameters for thick films.
In the example of the TPD molecule, where thickness is normalized at 348 K, the values of
the above parameters are listed in Table 2.3. An illustration of experimental data, smoothed
data 51 and its fitting model is given in Figure 2.14.
Table 2.3. Results of fitting thickness versus temperature profiles for liquid-quenched
TPD bulk films against the cosh function model in Equation (2.14).
Fit parameter

Fitted value*

Value used in model

M

(6.51 ± 0.17) × 10-4 K-1

6.5 × 10-4 K-1

G

(1.76 ± 0.09) × 10-4 K-1

1.8 × 10-4 K-1

Tg

(330.4 ± 0.5) K

330 K

w

(11.5 ± 0.3) K

12 K

c**
0.99012
*Standard deviations generated from fitting multiple h = h(T ) curves. The error term from
each independent fit is significantly smaller.
**The remaining parameter in the model, c, is determined from values of other parameters
under the condition h(348 K) = 1.
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Figure 2.14. The (A) thickness and (B) thermal expansion profiles of a thick
liquid-quenched film as a function of temperature. Data smoothing was performed with a
basic exponential smoothing function, with a smoothing factor of α = 0.3 and a sampling
range of 0.4 K.

Due to inherent instrumental errors, discrepancy of 2 – 3 K between the Tg values measured
by DSC and ellipsometry can occur.
2.10.2. Density Change, ∆ρ
The density change, or density increase of a stable glass in reference to its LQ glass
counterpart, was measured at 298 K for all samples. Assuming that the volume of the
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glass film is proportional to its thickness, the calculation is:

∆ρ =

ρSG − ρLQ
1/hSG − 1/hLQ
hLQ − hSG
hLQ
=
=
=
−1
ρLQ
1/hLQ
hSG
hSG

(2.15)

2.10.3. Fictive Temperature, Tf
By DSC The fictive temperature of the as-deposited PVD glass can be determined using
the equal area construction formalism presented by Moynihan et al., 77 illustrated by
Figure 2.15. 25 The heat capacity of the LQ glass and the SCL were linearly extrapolated.
The temperature where the PVD glass heat capacity begins to deviate from the LQ glass
extrapolation is labeled as T1 , and the temperature where the heat capacity of the PVD
glass converges to the SCL heat capacity after transformation is labeled as T2 . The fictive
temperature, Tf , is calculated as follows:

Z

T2

Z

T2

[CP, SG (T ) − CP, LQ (T )] dT =
T1

[CP, SCL (T ) − CP, LQ (T )] dT

(2.16)

Tf

By SE The fictive temperature is defined as the temperature where the SG line intersects
with the extrapolation of the SCL line (see Figure 2.16). The physical meaning of fictive
temperature is that the SG behaves with the same physical properties as the SCL at this
temperature.
2.10.4. Onset Temperature of Transformation, Tonset
By DSC The onset temperature is defined as the intersection of the extrapolated LQ glass
line and the tangent line of the leading edge of the endothermic enthalpy relaxation peak,
as shown graphically in Figure 2.15.
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By SE The onset temperature is defined as the temperature (above Tg ) where the
properties (volume in this study) of the glass starts deviating from the stable glass line
upon heating (see Figure 2.16). At a given heating rate, the higher the onset temperature,
the more kinetically stable a glass is.

Figure 2.15. Relative heat capacity (CP ) of an NPD glass vapor-deposited at a rate of
0.4 nm/s (solid black line), and an ordinary glass (solid blue line) cooled from the melt.
The extrapolated glass (solid red) and supercooled liquid lines (dashed blue) are also
shown. T1 and T2 , in the Equation (2.16), are labeled. Tonset and Tfictive are indicated by
the arrows; the procedure for calculating these temperatures is given in the text. Inset:
structure of NPD. Adapted from Kenneth L. Kearns, Paige Krzyskowski, and Zachary
Devereaux. ”Using deposition rate to increase the thermal and kinetic stability of
vapor-deposited hole transport layer glasses via a simple sublimation apparatus.” J.
Chem. Phys. 146, 203328 (2017), with the permission of AIP Publishing.
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Figure 2.16. Transformation process of a PVD film of thickness 200 nm deposited at 0.85
Tg . Various indicators of stability can be determined through this process, such as density
increase with respect to liquid-quenched glass (∆ρ), fictive temperature (Tf ) and onset
temperature of transformation (Tonset ).

2.11. Supplementary Information
2.11.1. Error of Temperature Distribution in a Temperature Gradient
The error in temperature of a given position within the temperature gradient is determined
based on the error in temperature of the two temperature endpoints. At the two endpoints,
the two main sources of error are: (i) the error of their temperature setpoints, since the type
K thermocouples inherently bear a temperature error of 2 K, and (ii) the error of the physical
position of the starting and ending point of the temperature gradient. The two sources of
error are independently determined along every position on a gradient, and summed up
with the error propagation formula. The schematic idea is presented in Figure 2.17A, and
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an example of the exact magnitude of the error in a given temperature gradient is given in
Figure 2.17B.

Figure 2.17. The error of deposition temperature (Tdep ) as a function of position along a
temperature gradient substrate, an example with the boundary conditions of
xcold = −3.2 cm, Tcold = 259 K, and xhot = +3.2 cm, Thot = 340 K. (A) An example
with the boundary conditions of xcold as −3.2 cm, Tcold as 259 K (blue point), and xhot as
3.2 cm, Thot as 340 K (red point). The inset schematically shows calculation representing
the propagation of error. (B) Various sources of error, such as the error in determination of
physical positions of the temperature endpoints, and the error in measuring and
controlling temperature on the endpoints.
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CHAPTER 3 : Morphology and Anisotropy of Thin Physical Vapor
Deposited Molecular Glass Films
”Glasses Denser than Supercooled Liquids.” Yi Jin, Aixi Zhang, Sarah Wolf, Shivajee
Govind, Alex Moore, Mikhail Zhernenkov, Guillaume Freychet, Ahmad Shamsabadi,
Zahra Fakhraai. Manuscript in preparation.

3.1. Abstract
In this chapter, we report the preparation, and morphological and structural
characterization of thin physical vapor deposited (PVD) films of the glass forming
molecule, N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD, chemical formula
C38 H32 N2 ). The surface morphology of thin films were characterized with atomic force
microscopy (AFM). To evaluate the anisotropy of these thin PVD film, grazing incidence
wide-angle X-ray scattering (GIWAXS) was performed with a synchrotron light source, in
addition to birefringence measurements from spectroscopic ellipsometry (SE). It was
found that for thin films of PVD glasses below 50 nm of thickness, kinetic stability of the
PVD film decreased significantly in the deposition temperature range of Tdep > 0.95Tg .
The anisotropy of a PVD film was shown to not only depend on deposition temperature,
but also on film thickness. In films thinner than 50 nm, X-ray scattering showed a
vanishing anisotropy. The birefrigence of a PVD film was less robust in its SE fitting
model. These results show that the structural packing of PVD molecules in thin films are
distinctively different from bulk films, and is therefore likely to affect their physical
properties.
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3.2. Introduction
In 2007, Ediger and co-workers discovered that physical vapor deposition (PVD) can
produce glasses of small molecules with exceptional thermodynamic and kinetic
stability, 1 typically inaccessible or time-consuming through conventional liquid cooling
methods. PVD glasses, prepared at temperatures below Tg , exhibit stability in the form of
lower enthalpy, 1,23,26,27 higher mass density, 21,23,30 and higher kinetic stability. 1,24,31–33
PVD glasses also show tunable optical properties, such as birefringence, 34–36 which are
typically not observed in liquid-cooled or aged glasses.
Recent studies have sought to quantify surface mobility, through techniques such as
surface grating decay, 49,52,54,78–80 and nanorod probing. 55,81,82 The results found surface
diffusion to be 6-7 orders of magnitude faster than bulk diffusion. With regards to the
distribution of mobility within a polymeric or molecular glassy film,

direct

characterization of mobility on the surface and in bulk have been performed by
fluorescence measurements. 61,83,84 Dewetting measurements, 50 characterizations of
molecular orientations. 85 Simulational studies 56,80 also indirectly shed light on the
comparison between surface and bulk diffusion. Surface diffusion of PVD molecular glass
films is also shown to be independent of bulk stability, or relaxation dynamics – for stable
glasses deposited at different temperatures, surface diffusion remains constant at a given
film thickness. 52,81
There exists a mobility gradient within a molecular glass film, where the free surface
molecules move faster, and have weaker temperature dependence than the bulk portion. A
sharp transition between slower bulk-like dynamics and faster liquid-like dynamics occurs
around a film thickness of 30 nm, where the apparent activation energy of rearrangement
for the film changes drastically, showing a long-range correlation between free surface
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dynamics and the dynamics of the overall film. 50 Such experimental observations support
the surface-mediated equilibration (SME) hypothesis.
The combined effects of surface diffusion and mobility gradient defines the details of
stability; the gradients of mobility depend on the thickness of the entire film, and are
shown to change at around 30 nm. 50 Morphological changes, such as dewetting, can be
expected to take place more readily, whereas the packing orientation of molecules should
resemble the total randomness of liquid molecules. In this chapter, we present some
observations of thin (30 – 50 nm) PVD films, in hope to provide insights for better
understanding the formation mechanism of stable glasses in the PVD process.
The structural anisotropy of a glass material can be characterized with various methods,
most commonly, X-ray scattering techniques, such as grazing incidence X-ray
diffraction, 86 wide-angle X-ray scattering (WAXS), 87 or wide-angle X-ray scattering
(SAXS). 88 Alternatively, the birefringence of a glass film, which depends on the structural
orientation of molecules in the film, can be characterized through spectroscopic
anisotropy. 36 Simulation studies have also yielded excellent prediction of orientational
anisotropy in vapor deposited molecular glasses. 89 The order parameters derived from
different techniques have been shown to correlate among one another. 87 As an example,
the correlation between order parameters derived from GIWAXS and SE, reported by
Gujral et al., is shown in Figure 3.1.
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Figure 3.1. (a) GIWAXS-derived order parameter, SGIWAXS , plotted as a function of
substrate temperature during deposition. SGIWAXS exhibits positive and negative values,
depending on substrate temperature, implying a slight tendency toward face-on and
edge-on packing, respectively. Data shown represent SGIWAXS calculated for incidence
angles 0.12°, 0.14°, 0.16°, and 0.20°. (b) Ellipsometry-derived order parameter, SVASE , as
a function of substrate temperature; SVASE characterizes molecular orientation. (c)
Schematic showing one possible interpretation of the two extreme SGIWAXS values.
Magnitudes of observed SGIWAXS values are much smaller than these extreme values,
indicating only a slight tendency toward these packing arrangements. Reproduced from
Ankit Gujral, Kathryn A. O’Hara, Michael F. Toney, Michael L. Chabinyc, and M. D.
Ediger. ”Structural characterization of vapor-deposited glasses of an organic hole
transport material with X-ray scattering.” Chem. Mater. 27, 3341 (2015). with the
permission of ACS Publications.

As evident from Figure 3.1, the anisotropic packing of vapor deposited molecular glasses
can be controlled by substrate temperature. This control is enabled by the high mobility
present at the free surface, allowing the surface to act as a template for the structure of the
growing film. Recent simulational studies from the Ediger group has shown a connection
between anisotropic surface structure and anisotropic glass structure. 36,89,90 During
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deposition, molecules near the surface strive to equilibrate towards the structure of the
equilibrium interface.

At low deposition temperature, only the top layer takes on

equilibrium structure, resulting in a glass where horizontal orientation is trapped. As
substrate temperature increases, more top layers manage to equilibrate, therefore vertical
orientation is trapped. The structure of a given vapor deposited layer are thus independent
on the layers beneath it; therefore the underlying substrate would not affect the resulting
glass structure. 91,92 Since the substrate temperature determines the mobility gradient of the
film, which determines the relative proportions of trapped horizontal and vertical
orientations, the molecular orientation of the film is related to the mobility gradient.
The anisotropy of a glass might be maximized by increasing the anisotropy of the glass
forming molecule. However when the aspect ratio of a rod-shaped molecule becomes
sufficiently large, it becomes a mesogen, which forms liquid crystals. In the case of the
liquid of itraconazole, for the substrate temperature of vapor deposition going from near
Tg to well below Tg , the orientation of surface molecules transition from vertical to
horizontal. Additionally, there is a layering feature in the vapor deposited glass system of
itraconazole; the distances between smectic layers become closer as substrate temperature
is decreased. 93,94 This feature was exploited in forming organic electronics with high
charge mobility, due to stacking of π-systems, from discotic liquid crystals, made of
disc-shaped molecules. 95
Aside from the geometry of the glass forming molecule, and the substrate temperature, it
was also widely debated whether the deposition rate was a impacting factor of the
anisotropy of a vapor deposited glass.

While Yokoyama et al.

demonstrated that

deposition rate had little to no effect for vapor deposited glasses of many OLED-forming
molecules, 96 Bagchi et al. observed a shift in the spacing of as-deposited molecular layers
of Alq3 from two different rates of deposition, 97 and Dawson et al. found a tunable degree
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of layering order by varying the deposition rate of indomethacin in the PVD process. 98 A
more detailed investigation of the effect of deposition rate on anisotropy was performed
by Bishop et al. on the mesogen, itraconazole, and found that both molecular orientation
and smectic layering obey deposition rate–substrate temperature superposition; lowering
the deposition rate yields a similar effect to increasing substrate temperature. 85 This is
interpreted as allowing a given layer of free surface molecules a longer time to equilibrate
(slower rate) is equivalent to allowing more layers of molecules at the free surface to
equilibrate (higher temperature).

3.3. Experimental Section
3.3.1. Preparation of Thin Films via Physical Vapor Deposition
All films studied in this chapter were prepared by physical vapor deposition (PVD),
standard protocols described in Chapter 2. TPD films with thickness below 60 nm were
deposited at a temperature range of 210 – 307 K, or 0.63 Tg < Tdep < 0.93 Tg , while films
with thickness above 70 nm were deposited at a temperature range of 242 – 340 K, or
0.73 Tg < Tdep < 1.03 Tg . All films were deposited at 0.030 ± 0.005 nm/s. The
as-deposited samples were allowed to restore to room temperature prior to removal from
the UHV chamber.

Samples that were not immediately measured upon leaving the

chamber were stored in a refrigerator at 254 K, and restored to room temperature, blown
with N2 to remove condensed water before use.
3.3.2. Atomic Force Microscopy
For T -grad films used in AFM measurements, upon removal from the chamber, the
strip-shaped sample, with a temperature gradient length of 6.4 cm, was carefully cut into
segments of approximately 0.7 cm long. The resulting samples were cleaned by blowing
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with N2 , stored in a refrigerator at 254 K, and restored to room temperature around 5 min
before AFM measurement, blown with N2 to remove condensed water on the surface
before loading on the AFM sample stage.
3.3.3. Grazing Incidence Wide-Angle X-ray Scattering
The X-ray scattering measurement process. A PVD glass film sample was loaded on
a detachable translator stage, adhered by Dow Corning vacuum grease. The translator
was fixed onto the X-ray instrument, and the chamber was enclosed, and pumped down
to 10−3 Torr to exclude atmospheric gases. A shutter was used to control the exposure
or blockage of the sample to the synchrotron beam. Prior to actual measurements, the
translator was aligned to a precision of 0.01 mm in height and 0.01° in angle to afford
desirable intensity. The translator was programmed to move according to the position of the
samples. To obtain the liquid-cooled glass counterparts of the PVD glasses, these samples
were subsequently removed from the instruments, transformed on the Linkam temperature
stage. The LQ glasses were then placed back on the translator for GIWAXS measurements.
Damage test. Due to the thin nature of films in this study, a damage test was performed
on 30-nm PVD and LQ test samples of TPD to ensure that the samples would not degrade
due to exposure to the X-ray beam. The sample was exposed to the synchrotron beam for
60 s. The intensity was recorded at a time interval of 0.1 s. No decay of reflection intensity
beyond experimental error was observed for either of the films.
3.3.4. Powder X-Ray Diffraction
Powder X-ray diffraction (XRD) was performed on crystalline TPD powder, purchased
from Sigma-Aldrich, on a Rigaku MiniFlex 6G powder XRD instrument, in the Laboratory
for Research on the Structure of Matter (LRSM) at UPenn. The instrument is equipped
with a Cu Kα source (λ = 1.5418 Å).
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To compare results from the two scattering experiments, data are expressed as a function
of the scattering vector, q. The powder XRD data, as a function of scattering angle, is thus
converted using the following equation:

q=

4π
sin θ
λ

(3.1)

where θ is one-half of the scattering angle, and λ is the wavelength of the incident X-ray
beam.

3.4. Results and Discussion
3.4.1. Effect of Thickness and Deposition Temperature on the Morphology of
As-Deposited Thin PVD Films
In studies by Zhang et al., it has been demonstrated that during vapor deposition at Tdep =
1.00 Tg , ultrathin (thickness below 20 nm) films have rough spinodal morphology, and can
even have morphology of the same height as the film thickness for films below 12 nm. 50 The
morphology of a film thicker than 30 nm can flatten with time, implying that during PVD
there is significant reconfiguration and motion of molecules. The transition of morphology
from rough to smooth when thickness increases from ultrathin to thick can be explained as
surface diffusion becoming more prominent, and acts to smoothen the film. The decrease
in the overall mobility of the film also increases the kinetic barrier of a dewetting process.
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Figure 3.2. Viscosity (left axis) vs. 1/T obtained by rheology (pink asterisk) compared
with dewetting data and CR−Tg (right axis). Solid line represents dielectric relaxation
data by Walters et al. 44 Dotted black line is VFT fit to bulk viscosity. Reproduced from
Yue Zhang, Ethan C. Glor, Mu Li, Tianyi Liu, Kareem Wahid, William Zhang, Robert A.
Riggleman, and Zahra Fakhraai. ”Long-range correlated dynamics in ultrathin molecular
glass films.” J. Chem. Phys. 145, 114502 (2016), with the permission of AIP Publishing.

For a given thickness, the mobility of molecules, both on the surface and in bulk, is
expected to increase with temperature, although the temperature dependence of mobility
is weaker on the surface than in bulk. (See Figure 3.2 as an example.) Here we test the
effect of deposition temperature on the as-deposited morphology of thin PVD films of
TPD, of various thicknesses. In Figure 3.3, we show the as-deposited morphology of
200 nm and 28 nm TPD films deposited at temperatures ranging from 0.78 to 1.02 times
the bulk Tg . The observation that for a given thickness, the morphology becomes rougher
when Tdep is higher, confirms that mobility increases with temperature.

The

root-mean-square roughness (RMS) of 28 nm, 55 nm and 200 nm TPD films prepared by
PVD were evaluated from AFM images, and plotted as a function of Tdep in Figure 3.4.
Consistent with previous studies, the following observations were made:
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(1) The

as-deposited roughness of PVD films decreases with increasing thickness.

(2) The

roughness increases rapidly with increasing Tdep .
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Figure 3.3. AFM images indicating surface roughness for as-deposited TPD films
prepared at various temperatures for (A) a 28-nm film, and (C) a 200-nm film. Cross
section morphology is shown in (B) and (D).
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Figure 3.4. Roughness in surface morphology, quantified by the root mean square of the
height of points on the film surface, as a function of deposition temperature, for films of
various thicknesses.

Knowledge of the morphology of as-deposited PVD films is crucial in studying physical
properties, such as density increase compared to liquid-quenched glass in a dilatometry
process. Processes such as dewetting, which substantially increases surface roughness, can
compromise the quality of optical information obtained from SE, and thereby undermining
the accuracy of fitting results.
However, the results presented here may have sources of potential errors. The thermal
histories of the as-deposited ultrathin PVD films after deposition and out of chamber may
matter. Potential aging may take place in films than are thinner, since their relaxation
dynamics are enhanced compared to bulk films. In situ measurements would be ideal to
exclude such effects.
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3.4.2. Anisotropy in Thin PVD Films of TPD
For thin PVD films of TPD deposited on silicon substrates, with thickness ranging from
30 – 50 nm, we observe unexpected thickness-dependent structural anisotropy in these
stable glasses. We note that in reported studies of thick stable glass films, a strong
anisotropy can be observed at certain deposition temperatures. 36,87 For thin films below
50 nm, the overall dynamics are enhanced and glass transition temperatures are reduced
compared to bulk values. 50,71 It is interesting that when the thickness of PVD films is
decreased to the nano-confined thickness regime, the vapor deposited glasses on silicon
substrates start to show a loss in anisotropy.
Figure 3.5 shows an example of PVD films of TPD stable glass prepared at
Tdep = (0.83 ± 0.01) Tg . In Figure 3.5A, the GIWAXS data shows that when deposited
in the range of 0.80 – 0.85 Tg , the temperature empirically known to yield PVD glasses
with the highest thermodynamic stability, films below 50 nm have greatly reduced
anisotropy when compared to bulk films over 200 nm in thickness.

While there is

noticeable difference between the scattering intensity along the in-plane scattering vector,
qxy , and the out-of-plane scattering vector, qz , for the 203-nm PVD glass, the difference in
scattering intensity diminishes between in-plane and out-of-plane directions, indicative of
an increasingly isotropic glassy structure. In fact, little to no anisotropy is observed in the
scattering patterns for the 53-nm and 32-nm PVD glass films. The X-ray scattering pattern
of a completely isotropic 200-nm LQ glass is also presented. We can conclude that as the
thickness of PVD glass is reduced, its anisotropy also reduces to zero.
The GIWAXS scattering patterns of thin PVD glasses can be compared against the XRD
pattern of crystalline TPD, to confirm that crystallization did not occur in these thin PVD
glasses.

61

A

B
qxy
qz

203 nm PVD glass
Tdep = 0.84 Tg

in-plane orientation

203 nm PVD glass, Tdep = 0.85 Tg

53 nm PVD glass
Tdep = 0.82 Tg

Intensity (arb. units)

qxy
qz

thickness
reduced

5 µm

32 nm PVD glass
Tdep = 0.84 Tg

203 nm transformed glass
2.0

RMS = 0.67 nm

1.0

1.0

0.0

0.0

−1.0

liquid quenched (ordinary) glass

32 nm PVD glass, Tdep = 0.85 Tg

TPD crystalline powder XRD

long-range order

5 µm

1.6

−2.0

2.0

RMS = 0.53 nm

1.0

1.0

0.0

0.0

−1.0
−2.0

1.2

−1.0

32 nm transformed glass
2.0

RMS = 0.71 nm
random orientation

qxy
qz

0.8

5 µm

−2.0
qxy
qz

0.4

2.0

RMS = 0.31 nm

5 µm

−1.0
−2.0

2.0

Figure 3.5. Anisotropy and surface morphology of PVD and LQ glass films of TPD of
various thicknesses. (A) One-dimensional diffraction curves along qxy (orange) and qz
(purple) for glasses of TPD deposited between 0.82 and 0.84 Tg , at thicknesses ranging
from bulk to thin, as well as liquid-quenched glass of TPD and powdered TPD crystals.
Artifacts of grease diffuse scattering are present in many of the samples. Schematic
showing molecular orientation is given next to the two subfigures, but magnitudes of
observed anisotropy are much smaller than these extreme values, indicating a slight
tendency towards these packing arrangements. (B) Morphology of a 32-nm and a 203-nm
PVD film of TPD deposited at 0.85 Tg , and their corresponding liquid-quenched glass
films after transformation. The smoothness of these films show no sign of dewetting.

In as-deposited films of TPD with thicknesses above 60 nm, an optical birefringence is
pronounced in SE. 36,44 A uniqueness test of birefringence in the Cauchy fitting model can
be performed: when a birefringence was assumed as a free fitting parameter, the mean
square error should change with the value of the fitting parameter. Depending how
significantly the MSE is decreased (improved) when the fit parameter reached its optimal
value (with lowest MSE), compared to fixing it at a certain value, the robustness of fitting
the parameter in question can be identified. Figure 3.6 graphs the shape of the MSE
function at the best fit minimum for the fitting parameter, birefringence. As can be seen
from the plots, film thicknesses thicker than 80 nm have well-defined minima for
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birefringence. However, films thinner than 60 nm have shapes of MSE minima much
flatter, making the fitting less robust. The resulting best fit values should be suspect, since
a zero-birefringence would also afford a reasonably low MSE.

Figure 3.6. Shape of MSE function, normalized to the minimum MSE value, with
birefringence ranging from -0.1 to +0.1. Notice for films thicker than 80 nm, the minima
are sharp and well-defined, whereas for films thinner than 60 nm, the shape of MSE
minima becomes flat and ill-defined, making the fitting less robust, thus fitting
birefringence is deemed redundant.

The error of birefringence when fitting a thin or ultrathin film, mostly arises from the
decreased path-length of light in the film, which decreases the accuracy of fitting the index
of refraction. Under these conditions, fitting to a birefringent model results in over-fitting
and the model becomes insensitive to the value of δn. Since liquid-quenched glasses
should be perfectly isotropic and show no birefringence, the systematic error of fitting
birefringence for each thickness is arbitrarily evaluated as the value of the birefringence fit
of a corresponding liquid-quenched glass, with a birefringent model. As seen in Figure
3.7, as the thickness of the film decreases, the error of fitting birefringence increases.
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Figure 3.7. Birefringence (δn = nz − nxy ), when assumed as a free fit parameter, as a
function of deposition temperature for various film thicknesses of vapor deposited TPD
glasses. Error bars are taken from the birefringence values of corresponding
liquid-quenched TPD glasses when birefringence is free fit.

In bulk films, the birefringence is significant and is a strong function of temperature, which
is consistent with the non-negligible anisotropy from X-ray scattering results. In these
films the error in defining birefringence is estimated to be ±0.005. However, in thin films
(thickness below 50 nm), the error of birefringence exceeds ±0.02, and thus the absolute
value of birefringence is not significantly different from 0, indicating that these thin films
exhibit little to no birefringence.
With the above data indicating that anisotropy is reduced in thin or ultrathin films,
suggesting the enhanced mobility of molecules in these films, it is reasonable to wonder
whether the stability of thin PVD films would be affected by the high mobility.
Birefringence, a significant physical property of vapor deposited glasses, is known to
depend on deposition rate and the mobility gradient. One might anticipate that mass
64

density of a glass might also relate to the enhanced mobility in thin films. Speculations
could go in various directions: (1) the increased range of mobility gradients could lead to
molecules achieving more efficient packing configurations, essentially undergoing rapid
aging process, resulting in a more stable glass. (2) A higher mobility could reduce kinetic
stability of the PVD film, making it readily undergo morphological changes such as
dewetting, thereby reducing the overall stability of a PVD film. This motivates studies on
the packing density of thin PVD films; specifically, the degree of density increase a thin
PVD film can afford at a given deposition temperature, compared to its bulk counterpart.
These questions will be explored in Chapter 4.

3.5. Summary
In summary, we have demonstrated that the surface morphology of PVD films of TPD
glass depend on experimental parameters such as deposition temperature and deposition.
(1) As deposition temperature is increased, the mobility of free surface molecules
increase, therefore the morphology is rougher.

The extent of roughness on a given

deposition temperature close to or higher than Tg is larger in thin films than in bulk films.
(2) For films deposited above 0.90 Tg , the roughness increases with decreasing thickness.
With surface diffusion being almost independent of film thickness, the film/substrate
interaction becomes more dominant as the PVD film gets thinner, overcoming interfacial
tension to roughen the film.
Using X-ray scattering experiments, we showed that the scattering patterns in the in-plane
and out-of-plane directions converge into a single pattern as film thickness of PVD glass is
decreases, indicating that the packing structure being increasingly isotropic.

SE

experiments also showed a weakening birefringence, corresponding to a diminishing
structural anisotropy. We hypothesize that the isotropy is a result of enhance overall

65

mobility of molecules in a film, and its impact on the stability of a PVD glass is shown
later in the thesis.

3.6. Supplementary Information
3.6.1. PVD Film Preparation
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine

(TPD)

was

purchased

from

Sigma-Aldrich, and used without further purification. TPD was loaded in a 1-cc alumina
crucible premelted in a vacuum oven (10−2 Torr, Fisherbrand Isotemp Model 281A) at
483 K (= Tm + 34 K). The premolten material was then placed into a heating basket
located at the bottom of the UHV chamber. Details of the custom vacuum setup and
procedures are published in Chapter 2.
3.6.2. AFM Imaging
As mentioned earlier in the chapter, a T -grad PVD film was cut into segments at intervals
of 0.7 cm. The Tdep of each segment was determined by statistically computing the average
and standard error of the Tdep values of portions remaining on each film segment at intervals
of 0.1 cm.
When processing an AFM image to obtain its morphology RMS, the following steps were
performed in order on the Gwyddion software:
1. Level data by mean plane substraction;
2. Level data to make facets point upwards;
3. Align rows using a 3rd -degree polynomial;
4. Correct horizontal scars (strokes);
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5. Remove polynomial background (horizontal polynomial degree as 3, vertical
polynomial degree as 3);
6. Flatten base;
7. Mask outliers.
The reported RMS value of each segment was averaged across three images at different
points on the segment.
3.6.3. GIWAXS Measurements with Synchrotron Light Source
Impurity peaks in X-ray scattering. The possible impurities on the surface of a glass
film are the grease used for attaching the silicon wafer to the translator (Dow Corning
vacuum grease), or the ultra-high vacuum thermal conducting grease used during the PVD
process (Apiezon N grease, or Apiezon PFPE 501 grease). The X-ray scattering patterns
of these possible impurities are shown in Figure 3.8.
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Figure 3.8. X-ray scattering patterns of possible impurities.
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CHAPTER 4 : Glasses Denser than Supercooled Liquid
”Glasses Denser than Supercooled Liquids.” Yi Jin, Aixi Zhang, Sarah Wolf, Shivajee
Govind, Alex Moore, Mikhail Zhernenkov, Guillaume Freychet, Ahmad Shamsabadi,
Zahra Fakhraai. Manuscript in preparation.

4.1. Abstract
Glasses have the tendency to undergo physical aging to approach the supercooled liquid
state (SCL), even at temperatures well below the glass transition temperature, Tg . When a
density higher than SCL is achieved without crystallization, it implies that there exists a
first-order phase transition to a different amorphous state.

Experimentally, such

”amorphous state” has not been observed in aged or vapor deposited glasses. In this
chapter,

we

report

thin

(30

–

50

nm)

PVD

films

of

N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) having density that exceed the
SCL density, by as much as 3%. Coupled with the isotropic nature of these glasses, these
result make the existence of the ”amorphous state” evident. We show that these states are
achieved in thin films, where the relaxation dynamics are significantly enhanced, which
allow access to states that are not normally out of reach in bulk liquids.

4.2. Introduction
Over the past decade, physical vapor deposition has been shown as an effective technique
for preparing molecular glasses with exceptionally high stability. 1,21–25 It has been
hypothesized that a surface mediated equilibration (SME) mechanism allows that free
surface molecules to achieve low energy states. 26,52,99
In light of this hypothesis, the observation that the properties of a PVD glass being highly
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dependent on the deposition temperature and deposition rate can be explained as follows.
(1) The deposition temperature determines, thermodynamically, the driving force for low
energy states, as well as kinetically, the mobility for molecules to rearrange to optimized
packing structures. The two variables have opposite trends with deposition temperature; as
a result, there exists an optimal temperature range for forming the most stable glasses in
PVD. For most molecular glasses, this optimal temperature range is 0.80 – 0.85 Tg . (2) The
deposition rate determines the time allowed for free surface molecules to rearrange before
losing mobility by being buried, thus the deposition rate should affect the properties of the
resulting PVD glass.
Thin films of molecular glasses below the thickness of 100 nm are often prescribed for
photovoltaic devices, 9 organic light emitting diodes, 7,8 protective coatings 100 and
nano-imprint lithography. 11 Therefore, it is imperative to improve the stability of thin film
materials. It has been previously demonstrated that thin films have enhanced overall
mobility, allowing for a combination of opposing effects on the stability of a PVD film:
(1) molecules affording more optimized packing structures, lowering the energy of the
system, and (2) the film having a higher tendency to dewet, 50,58 crystallize or nucleate. 61,63
In this chapter, we present the discovery that thin PVD molecular glass films of TPD,
despite the possibility of an undermined kinetic stability, show exceptionally high density
– in certain conditions, higher than their corresponding supercooled liquid. We argue that
during PVD, free molecules could bypass the process of approaching SCL equilibrium,
and instead form an ”amorphous glassy” state denser than SCL. The existence of two
distinct states, connected by liquid-liquid phase transition, has been demonstrated in many
elemental atomic or small molecule systems, such as phosphorous, 101 sulfur, 102 carbon 103
and cerium, 104 both experimentally and theoretically.
A first-order phase transition is proposed between the new ”amorphous glass” state and the
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ordinary stable glass state formed through SME. In the case of supercooled water at high
pressure, high- and low-density liquid states of water have been discovered, and shown
to interchange through a first-order phase transition. 105,106 To the best of our knowledge,
in organic glass systems, a phase transition between two amorphous states has yet to be
explored to date. 107,108

4.3. Experimental Section
4.3.1. Physical Vapor Deposition
All films studied in this chapter were prepared by PVD, at a deposition range of
0.63 Tg < Tdep < 1.03 Tg , between the thicknesses of 30 nm to 250 nm. Films thinner
than 60 nm were deposited at 0.03 nm/s.

PVD samples were restored to room

temperature, and spectroscopic ellipsometry was performed within 30 min of removing
the sample from the chamber.
4.3.2. Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) was used to determine the thickness and index of
refraction of as-deposited and transformed film, which directly translates to the specific
volume (or inversed density) of the glass film. A three-layer model, which consists of a
silicon layer, a 1-nm thick native silicon oxide layer, and a TPD glass layer (Cauchy) was
used to fit the ellipsometric data. The refractive index and birefringence can also be
determined, as mentioned in Chapter 3. A dilatometry process goes as follows: PVD films
were heated at 10 K/min to the isothermal annealing temperature of Tg + 18 K (or
Tg + 23 K for films thicker than 70 nm), fully transformed to SCL (indicated by the
thickness plateauing for over 5 min), then cooled at 10 K/min to room temperature to form
a LQ glass film. To ensure the accuracy of dilatometry experiments, the following steps
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were taken. (1) Dewetted PVD films were not reported in this study, including films with
as-deposited thickness less than 30 nm, and films between 30 and 60 nm thick with Tdep
higher than 0.92 Tg . (2) PVD film with rough initial morphology were preannealed at
Tg − 4 K (PVD films did not transform at this temperature) for ∼10 min (until film
thickness was stabilized) to smoothen the initial morphology, before the actual dilatometry
process was carried out. (See Fig. 4.1 for temperature profile versus time.) This includes
PVD films thinner than 50 nm with local Tdep in the range of 0.90 Tg < Tdep < 0.93 Tg ,
making the determination of initial thickness of the film inaccurate from fit results of the
Cauchy model. (See Fig. 3.4 and 3.3 for details.) This ensures that the initial thickness
was accurately determined from SE measurements and subsequent fitting to the Cauchy
model. (3) Due to instrumental limitations, in situ dilatometry measurements of a T -grad
sample was collected on only one spot within the sample. (The location was selected to be
the portion where local Tdep = 0.85 Tg ; this deposition temperature is empirically known
to yield relatively high stability of PVD glass.) Density difference values on the T -grad
sample was determined by static SE measurements – a full mapping scan of thickness
across the T -grad sample was done once before and once after the transformation.
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Figure 4.1. A pretreatment of heating a thin stable glass film to Tg − 2 K before the
transformation process in an effort to reduce surface roughness and reliably determine the
initial thickness of the film. Thickness of TPD film is tracked throughout the pretreatment
step and its succeeding isothermal transformation process, and shown as a function of (A)
temperature, and (B) time. (C) Surface morphology, determined by AFM, of (i)
as-deposited film, (ii) pretreated film and (iii) transformed film.
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4.4. Results and Discussion
4.4.1. Exceptionally High Thermodynamic Stability for Thin PVD Films Deposited at
0.85 Tg
Figure 4.2 shows the change in thickness and refractive index during a dilatometry ramp
for films of various as-deposited thicknesses, prepared at Tdep = 0.85 Tg . The density
increase of a PVD glass (with respect to LQ glass), ∆ρ, calculated from Fig. 4.2A is
presented in Fig. 4.3A. As thickness is reduced, the normalized thickness of a thin PVD
film (h < 50 nm) becomes lower compared to that of a bulk one (h > 200 nm). Thus, as the
thickness of a PVD film decreases, ∆ρ increases, indicating an increase its thermodynamic
stability. Likewise, the fictive temperature, Tf , of the PVD film decreases as film thickness
decreases. (Refer to Fig. 4.3B for experimental data.) This observation is consistent with
previous reports of Tf reductions in thin films of molecular glasses of toluene. 26
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Figure 4.2. (A) Transformation profiles of PVD samples of various thicknesses of TPD
glass, deposited at Tdep = (264 ± 3) K (0.80 Tg ). Samples are heated to 348 K (thin) or
353 K (thick) at 10 K/min, held isothermally to transform, and cooled back to 298 K at the
same rate. (B) In-plane (nxy ) and out-of-plane (nz ) index of refraction vs. temperature for
206 nm (brown) and 30 nm (orange) samples, respectively.
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Figure 4.3. (A) Relative density change, ∆ρ, as measured by the relative difference of
film thickness between the SG and LQ glass states, measured at 298 K, with error bars
labeled. The horizontal dotted line shows the relative density difference between SCL and
LQ glass at 298 K, with a value of 3.28%. Inset on the upper right shows the schematic
calculation of relative density change between PVD glass and LQ glass. Inset on the lower
left shows molecular structure of N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine
(TPD). (B) Fictive temperature, Tf , measured by the intersection of the supercooled liquid
line and the PVD glass line, with error bars labeled. The horizontal dotted line shows the
fictive temperature of the SCL, being 0.80 Tg .

The refractive index of a thin PVD film of TPD was also found to be significantly higher in
value than that of bulk PVD films, demonstrated by the example of a 30-nm PVD film and
a 206-nm PVD film in Fig. 4.2B. It has been shown in previous studies that an inflation
of refractive index occurs in thin glass films due to inherent limitations of spectroscopic
ellipsometry measurements. 109 However, since the difference in refractive index between
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LQ glasses of 30 nm and 206 nm is only ∼0.003 (from Fig. 4.16), we deduce that the
difference of ∼0.010 between the PVD glasses of 30 nm and 206 nm cannot be explained
by simply an instrumental error. Since the LQ glasses of different thicknesses, if cooled
at an equal rate of 10 K/min, should be identical in optical or mass density, it logically
follows that a larger change in refractive index from PVD glass to LQ glass implies a larger
difference in the optical density of the medium between the PVD glass and the LQ glass.
The optical medium in the 30-nm PVD film is more densely packed than that of the the
206-nm PVD film; in other words, the thin PVD film has a higher mass density than the
bulk PVD film. We shall present a more detailed discussion about using refractive index as
a proxy for mass density in later discussion in this section.
If the PVD process were to produce a fully-equilibrated stable glass, the as-deposited
glass should have a density equal to that of SCL. The relative density difference between
the PVD glass and LQ glass should be that between SCL and LQ glass. At the deposition
temperature of 0.80 Tg , the value of this relative density difference is 3.3%. (For the
equilibrium density values at other deposition temperatures, see Fig. 4.11B.) It is apparent
from Fig. 4.3A that the thin PVD films between 25 and 55 nm thick exhibit relative
density increase (∆ρ) values over 5%, which exceed this density change threshold of
3.3%. Not surprisingly, the fictive temperature (Tf ) of thin PVD films fall below that of
the SCL, or simply the Tdep of 0.80 Tg (according to Fig. 4.3B). Both pieces of evidence
indicate that the thin PVD glasses are at lower energy than the supercooled liquid. The
remarkably high thermal stability of thin PVD glasses brings about questions, such as
what conditions are necessary to produce such stable glassy films, and what potential
origins could cause this exceptionally high density (or stability).
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4.4.2. Dependence of Density on Deposition Temperature and Glass Film Thickness
The density increase of a PVD glass film with respect to its LQ glass counterpart (cooled
at 10 K/min) is shown in Figure 4.4. Density increase is plotted as a function of deposition
temperature for various thicknesses of PVD films. In agreement with data from Fig. 4.3A,
where PVD films of certain thicknesses have density exceeding that of SCL, we observe
in Fig. 4.4 that within the temperature window of 0.70 – 0.85 Tg , PVD films in the
thickness range of 30 nm and 55 nm have higher density than their corresponding SCLs.
As film thickness is further decreased to 25 nm, the kinetic stability of a PVD film
becomes compromised. Such films are more vulnerable to morphological changes such as
dewetting. 26,50 Therefore, the density of the PVD film is decreased as film thickness is
reduced below 30 nm.

78

Tdep / Tg
0.65

0.70

0.75

0.80

0.85

0.90

1.00

1.05

25 nm
30 nm
37 nm
45 nm
55 nm
72 nm
206 nm
SCL

8.0

6.0

∆ρ / %

0.95

4.0

2.0

0.0

H3C
N

N
CH3

-2.0
200

225

250

275

300

325

350

Tdep / K

Figure 4.4. Density increase of vapor deposited TPD glasses as a function of deposition
temperature for various film thicknesses. Dashed line is plotted from the results of Figure
4.11B.

4.4.3. Refractive Index as a Proxy of Density
It has been shown in previous studies that the refractive index of glasses could be less
accurate in thin films as compared to thicker films. However, we shall hereby demonstrate
that the refractive index can be reliably employed as a proxy for mass density of the film.
The high refractive index of a thin PVD film can be attributed to a its high density, or an
intrinsic inflation of refractive index as film thickness is reduced (see Fig. 4.16), or both. 109
However, a density increase is also expected to affect the value of the index of refraction
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through the Lorentz-Lorenz relationship:

n2 − 1
αNA
=
ρ
2
n +2
30 M

(4.1)

In this equation, α is the molecular polarizability, 0 is the permittivity of free space, M is
the molar mass of the molecule. Assuming the changes in ρ and n are small, one has:

6n
αNA
dρ
dn
=
(n2 + 2)2
30 M

(4.2)

By dividing Equation (4.2) by Equation (4.1) to obtain the relative change in values, we
get:

dρ
6n2
dn
= 2
2
ρ
(n + 2)(n − 1) n

(4.3)

We define ∆ρ = (ρSG − ρLQ )/ρLQ , and ∆n = (nSG − nLQ )/nLQ , to substitute for dρ/ρ
and dn/n respectively, we can have:

∆ρ =

6n2
∆n
(n2 + 2)(n2 − 1)

(4.4)

Here n = nLQ is the index of refraction of the liquid-quenched glass of the same film
thickness.
All calculations of refractive index are performed at the wavelength of λ = 632.8 nm in the
Cauchy model, Equation (2.11). As shown in Figures 4.15 and 4.16, the refractive indices
of TPD glasses predominantly fall within the range of 1.70 and 1.75. In thick films, where
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a birefringence is observed, the average index is used: 34

2 1/2

hn i

1/2
nx 2 + ny 2 + nz 2
=
3

1/2
2 2 1 2
=
nxy + nz
3
3


(4.5)

A plot ∆ρ versus ∆n is shown in Figure 4.5 for films of various thicknesses. A strong
correlation is observed between these two variables for PVD films of the same thickness,
with the expected slope based on Equation (4.4). For example, the refractive index of a
200-nm LQ film is n = 1.712, the coefficient of the right hand side of Equation (4.4) is
equal to 1.846.
In our SE data, a strong correlation was found between the relative density difference and
the relative refractive index difference between a PVD glass and its LQ glass counterpart for
films of all thicknesses, as shown in Fig. 4.5. Since a thin PVD film and its LQ counterpart
are less than 2 nm apart in thickness, the magnitude of systematic inflation of refractive
index due to film thickness should be almost equal. The figure of merit ”relative refractive
index difference” has this systematic error eliminated, and serves as a scaled metric of
relative density difference between PVD and LQ glass.
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Figure 4.5. Correlation between the density change and the refractive index change
(λ = 632.8 nm), both in relative values with respect to liquid-quenched glass, for vapor
deposited TPD glasses of various thicknesses.

We can observe that in Figure 4.5 that for samples deposited at lower Tdep , the correlation
trend between ∆ρ and ∆n breaks. In bulk films, this deviation can be explained by the fact
that glasses in this range have significant birefringence (see Figure 3.7), and the averaging
approximation through Equation (4.5) no longer holds.
The case in thin films is complicated by the observation of intrinsically higher refractive
index than bulk films, even for the LQ glass or SCL states (Figures 4.15 and 4.16). A
similar trend has been previously observed in ultrathin polystyrene films. 109 A possible
explanation is that the Lorentz-Lorenz equation breaks in this regime. However, it is worth
that we still observe a strong correlation between the ∆ρ and ∆n in this region, which
suggest the equation may still be valid. It is also possible that SCL states in thin films do
have higher density than bulk films, which will require further exploration. However, this
is beyond the scope of this study. Nevertheless, the strong increase of ∆n in thin films, as
well as its strong correlation with ∆ρ is further evidence that at lower Tdep the density in
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thin films are exceptionally high.
4.4.4. PVD Glasses that Violate the Equilibrium Density Limit
Many numerical indicators, such as density increase (with respect to LQ glass) or fictive
temperature of a PVD glass can be used to gauge its thermodynamic stability. We shall
employ the figure of merit, specific volume, or simply, the reciprocal of density, as a
measure of stability. The specific volume values of all samples were normalized at a
temperature of Tg + 18 K (= 348 K); at this temperature, all films are in the form of SCL,
and thus should have identical densities. (We can observe from Fig. 4.2A that there is
excellent overlap in the SCL portions between films of various thicknesses.)
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Figure 4.6. Normalized specific volume as a function of deposition substrate temperature,
for vapor deposited TPD glasses of various thicknesses. Dotted line is the supercooled
liquid and its extrapolated portion, while dashed line is a liquid-quenched glass formed at
a cooling rate of 10 K/min. All data points are obtained from dilatometry experiments of
temperature-gradient samples characterized with spectroscopic ellipsometry, and fitted
against a Cauchy model. The circle symbols represent isotropic fit, where refractive index
is uniform in all directions, whereas square symbols represent anisotropic fit, in which an
additional parameter, birefringence, is included in the fitting model.

To the best of our knowledge, the most extreme density achieved to date is the stable glass
system of ethylbenzene reported by Beasley et al., where PVD glass films (despite a bulk
thickness of ∼400 nm) have identical density with corresponding SCL. The SCL-like
density of PVD glasses of ethylbenzene is observed in a wide range of Tdep , even down to
a temperature as low as merely 2 K above the Kauzmann temperature of ethylbenzene. 46
This is the first case where a PVD glass denser than SCL has been reported. The highest
density of thin PVD films observed in this study is more than ∼3% denser than its
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corresponding SCL, in a PVD glass deposited around 0.75 Tg , to a thickness of 37 nm and
45 nm.
4.4.5. Hypothesis: First-Order Phase Transition
Higher density (or stability) is observed in thin PVD films than in bulk PVD films, likely
due to an enhanced overall mobility in thin films. According to the surface mediated
equilibration (SME) mechanism, a faster surface diffusion should afford faster packing
rearrangement of as-deposited molecules, thus packing into more spatially utilized
structures. However, the exceptionally high density that exceeds the density of SCL
cannot be simply explained by the SME mechanism. This is because existing studies
predict that the upper bound of density of PVD glass achieved through SME is the density
of SCL. If a PVD glass state is no denser than SCL, it can eventually be reached, albeit
through cooling SCL at an extremely slow rate, or physical aging for infinitely long
timescales, or a combination of both processes. Whichever the path taken, a PVD state
with density lower than SCL can theoretically be achieved through a second-order phase
transition, i.e. glass transition. However, such second-order phase transitions cannot
afford PVD glasses denser than SCL.
We hypothesize that a first-order phase transition (or a dynamic phase transition) exists
for a thin PVD glass with energy lower than SCL to be formed. This implies that the
as-deposited state is not a typical PVD stable glass state that is achieved by SME, but
rather a previously undiscovered amorphous state of matter, possibly a state similar to
SCL. We shall use the jargons: ”stable glass” state (SG); versus ”high-density supercooled
liquid” state (HD-SCL), in our following discussions. It should be noted that although
the hypothesis involves phase transition, there is almost no evidence that these two states
can be rigorously defined as phases. The newly discovered HD-SCL state is denser than
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the upper bound of equilibrium density defined by SCL. It should exist in all PVD films,
regardless of thickness; but its effect on the overall density of a film is only pronounced in
thin PVD films.
In light of this theory, it is imperative to revisit the SME mechanism. SME proposes a
process where every layer of as-deposited molecules on the surface of a PVD film is
thoroughly relaxed, to a near-equilibrium state, giving rise to an overall stabilized film. If
a layer of PVD molecules which is more densely packed than SCL can be formed during
SME, then a bulk film should be no different from a thin film other than having more
denser-than-SCL layers. The bulk film should be just as dense as a thin PVD film. We can
hereby eliminate the possibility than the exceptionally dense layers are formed by SME.
There exists a mobility gradient within glass films – the free surface layer is orders of
magnitude more mobile than the bulk layer. 50,56,71,81 Since the more mobile layers have
a higher tendency to achieve denser packing configurations, we can attribute the higher
density in thin PVD films, in comparison to thick PVD films, to the larger fraction of free
surface layers out of the entirety of the film. The HD-SCL state likely also originates from
the highly mobile free surface layers in a PVD film, but the conversion from SG to HD-SCL
is much slower compared to the rate at which HD-SCL is formed.
We shall hereby refine our hypothesis of a first-order phase transition in forming the HDSCL state. Fig. 4.7A provides a schematic illustration of the process by which PVD films
of different overall density properties are formed as a function of film thickness. During the
PVD process, molecules newly landed on the free surface undergo packing rearrangements
through surface mediated equilibration, and form a SG state, with a density lower or equal
to SCL. The majority of the SG state near the free surface becomes the bulk portion of the
film, whereas a fraction of the SG undergoes a first-order phase transition to form HD-SCL.
The first-order phase transition takes place at a moderate rate and only on the free surface
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layers. During deposition, the SG on the free surface at a given moment only partially
transforms to HD-SCL, whereas after the deposition is complete, the SG on the final free
surface can fully transform to HD-SCL.
The dilatometry curves of PVD glass films with thicknesses between 32 nm and 53 nm
in Fig. 4.2A show that the change in volume with temperature in the heating ramps were
highly linear. The fact that they did not undergo abrupt changes in volume implies that the
HD-SCL state is kinetically stable, or confined, up to the annealing temperature (at least
343 K). It is, however, possible that there exists a thermodynamic driving force for HD-SCL
to spontaneously transform into SG state. Fig. 4.7B provides a schematic phase diagram
illustrating the coexistence of the SG state and HD-SCL state. According to our previous
discussion, the fact that SG can transform to HD-SCL (despite a presumably slow process)
suggest that HD-SCL is the thermally more stable form of matter in the temperature range
of 0.80 – 0.85 Tg , and in the vicinity of a pressure of 10−6 Torr (marked as the lavender
region in Fig. 4.7B). In contrast, the SG state is thermally favored between 298 K and
343 K (roughly the onset temperature of transformation) at atmospheric pressure (marked
as the yellow region in Fig. 4.7B). The equilibrium line between the two states, or the
”phase boundary”, lies between the two colored regions. The Clapeyron equation for the
slope of the phase boundary is given below:
∆trs H
dP
=
dT
T ∆trs V

(4.6)

Where ∆trs H represents the change in enthalpy, and ∆trs V represents the change in
volume. For the phase transition from SG to HD-SCL, since the HD-SCL state is at a
lower energy landscape, and denser, than the SG state, ∆trs H and ∆trs V are both
negative. Thus we have a positive slope for the phase boundary (dP /dT ). This implies
that the HD-SCL is thermally favorable at low temperature (and high pressure, but the
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effect of pressure is likely very small).
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Figure 4.7. (A) A schematic illustration of the PVD process, where PVD films of
different density properties were obtained as a function of film thickness. (B) A phase
diagram indicating the regions where the SG state and the HD-SCL state exist in
thermally stable forms (lavender and yellow, respectively), as well as an estimated
position of the phase boundary (dashed line). The stars illustrate the example of a thin
PVD film (35 – 55 nm thick) deposited at Tdep = 0.85 Tg (= 280 K), being restored to
room temperature and atmospheric pressure. Dotted arrows indicate the path taken,
showing the change in temperature and pressure.
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As part of the first-order phase transition hypothesis, the percentage of free surface
molecules in the SG state that transform into the HD-SCL state during the PVD process
will affect the overall density of a PVD film. Assuming that the rate of transformation at a
given Tdep is only dependent on the mobility of the molecular glass layer, the amount of
time allowed for the transformation to happen will be the amount of time a given layer of
molecules maintain its free surface mobility before being buried into the bulk portion of
the film. This time allowance is governed by the rate of deposition; a slower deposition
rate should allow the highly mobile molecules in free surface layers of SG to transform
more thoroughly into HD-SCL.
4.4.6. Correlation between Glass Dynamics and PVD Glass Density
It has been well known that a mobility gradient exists within a PVD glass film along the
depth of the film. The high mobility of free surface molecules is characterized by a
structural relaxation time (τα ) several orders of magnitude shorter than bulk molecules. 71
Previous studies by Zhang et al. report that when the thickness of a molecular glass film
(in the example of TPD glass) is reduced below 30 nm, film behavior undergoes a
transition from glassy solid-like to liquid-like. 50 According to subsequent studies, the
average dynamics in thin films (30 – 50 nm thick) are enhanced by 2 – 6 orders of
magnitude compared to bulk films. 55 The enhanced surface dynamics that dominate in
thin PVD glass films should explain their exceptionally high thermodynamic stability.
In an existing study, the glass transition of glass films of TPD has been described with
high and low onset temperatures, T+ and T− . 71 (Information on the fitting model can be
found in SI.) While T+ signifies the start of glass transition, where the slowest portion in
the SCL falls out of equilibrium and becomes glassy state, T− signifies the completion of
glass transition, marked by the fastest portion in the SCL falling out of equilibrium. T+ and
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T− together mark the upper and lower bound of temperature, according to which relaxation
times are distributed, as shown in Fig. 4.8B.
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Figure 4.8. (A) Temperature signifying the start and end of glass transition (left axis),
obtained from Ref. 71, and specific volume (right axis) in this work, as a function of film
thickness. (B) Schematic diagrams of the distribution of relaxation times as a function of
temperature for films of three different thicknesses, (i) thick, (ii) thin and (iii) thin;
corresponding thickness ranges can be found in (A).

Data from Ref. 50 is presented in Fig. 4.8A. In the film thickness range of 30 – 60 nm,
T− undergoes a sharp deviation from its bulk counterpart, while T+ stays almost intact,
similar to bulk level. This represents a scenario where the slowest portion of SCL falls
out of equilibrium at the same temperature as the onset transition of bulk film, but the
fastest portion of the films falls out of equilibrium only at a much lower temperature. The
temperature distribution of the transition, also known as the width of glass transition, w,
given by w = T+ − T− , is thus widened in this thickness range. We hereby superimpose
the density of PVD films deposited at Tdep = 0.85 Tg , as a function of film thickness, in
the same figure. The maximum density of PVD films is observed in the thickness range
of 40 – 50 nm, coinciding with the thickness where the glass transition broadens. It is
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therefore evident that the enhanced dynamics in a thin PVD film is correlated with the high
overall density of the film.
Another presentation of the glass dynamics is through the apparent activation energy for
molecules to undergo structural rearrangement. 50 As the thickness of a glass film is reduced
to below 30 nm, a sharp transition from glassy solid-like behavior to liquid-like behavior is
observed. The enhanced dynamics in these thin films can produce morphological features
during PVD, and lead to dewetting instability even at temperatures well below Tg . It has
been shown in Chapter 3 that thin PVD films exhibit isotropic packing configurations, and
near-zero birefringence, caused by the enhanced film mobility. It is highly possible that the
exceptionally high density of thin PVD films is also a result of the high mobility of glass
molecules.
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Figure 4.9. Apparent activation energy of rearrangement (left axis) obtained from
Arrhenius fits of relaxation time of dewetting (from Ref. 50, compared with specific
volume data (right axis), both plotted as a function of film thickness.
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The correlation between film dynamics and PVD glass stability is explained as follows.
In thick films above 100 nm, indicated as (i) in Fig. 4.8, bulk film dynamics allow the
formation of SG states. A thick film with low overall mobility would cause the phase
transition from SG to HD-SCL to be slow, thus its overall density is unlikely to exceed the
density of SCL. As film thickness decreases to 30 – 60 nm (labeled as (ii) in Fig. 4.8),
with the glass transition broadened, dynamics in the PVD film is enhanced, allowing for
SG in mobile portions of the film to transform into HD-SCL at a faster rate. The PVD film
is thus densified beyond SCL. As thickness further decreases below 30 nm (illustrated as
(iii) of Fig. 4.8), T+ drops significantly, signifying that even the slowest portion of SCL
becomes more mobile. The entire film becomes so mobile that its kinetic stability against
morphological changes, such as dewetting or crystallization, is compromised. We also
observe that the density of PVD films decrease as thickness is reduced to below 35 nm.
Therefore, the optimal thickness range of 40 – 50 nm for obtaining the highest-density
PVD films can be regarded as a trade-off point, between an increasing thermodynamic
stability and a decreasing kinetic stability, as the thickness of a PVD film decreases. These
observations agree with results from Rodrı́guez-Viejo and co-workers, where the decrease
of thickness of vapor deposited films of toluene causes both an elevated thermodynamic
stability and a compromised kinetic stability. 26,99,110

4.5. Conclusions
In this chapter, we have demonstrated that thin (30 – 50 nm) PVD films of TPD deposited at
0.80 – 0.85 Tg can have density exceeding their supercooled liquid counterparts, implying
their being at lower energy states than SCL. It has been hypothesized that such low energy
is achieved through a first-order phase transition. The exceptional stability of thin PVD
glasses is shown to correlate with an enhancement of film dynamics when film thickness is
decreased below 60 nm.
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Given the widespread consensus that thin PVD films are kinetically susceptible to
unwanted morphological changes such as dewetting or crystallization, it is not surprising
that thin glass films with high thermodynamic stability have not been reported previously.
In fact, the thin PVD films in our studies are shown to be inert towards such changes. An
exceptionally dense thin PVD film should not undergo physical aging to form the SCL
state which has a lower density than itself. Crystallization or nucleation did not take place
either during the formation process of these thin PVD films, or during annealing at
temperatures within 20 K above Tg . Previous studies by Zhang et al. show PVD films of
TPD below 30 nm, deposited at Tdep = 1.00 Tg , to readily undergo dewetting at room
temperature. 50 However, in this study, none of the PVD films deposited at or below
0.90 Tg had undergone dewetting, even at temperatures of 20 K above Tg .
We speculate that exceptionally stable thin PVD films can be prepared for glassy systems
of many other glass forming molecules, assuming that optimal experimental conditions
were screened and applied. We anticipate that making available these glasses with such
exceptional thermodynamic stability will offer new insights into the nature of low energy
landscapes beyond the supercooled liquid. Thin PVD glasses could also be ideal candidates
for existing industrial applications of glasses where high optical density, high electron/hole
density or strong chemical resistance is desired.

4.6. Future Directions
Regarding the first-order phase transition hypothesis, more experimental evidence is
needed to elucidate the presence of this phase transition, and its role in the formation of
the exceptionally dense HD-SCL state. As mentioned previously, it is likely that the
density of PVD films can be affected by the deposition rate, which alters the extent of
phase transition in the highly mobile free surface layers.
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In addition to spectroscopic ellipsometry experiments,

density or volumetric

measurements with other instrumental techniques, such as X-ray reflectivity, would be
required to elucidate the high density of thin PVD films. Studies as such are currently
underway in our laboratory.

4.7. Acknowledgments
4.8. Supplementary Information
4.8.1. Calculation of the Specific Volume
The specific volume was calculated using the specific volume of LQ glass as a reference
and assuming that the ratio of VSG /VLQ = hSG /hLQ does not change between Tdep and
298 K (while at the glassy state).
The specific volume is normalized at the thickness of the SCL at 348 K (Tg + 18 K). The
thickness vs. T profile of the SCL and LQ glass of TPD are described with the model in
Equation (2.14), with parameters listed in Table 2.3.
To demonstrate an example of the calculation of the specific volume of a stable glass, we
hereby show the case of a 200-nm TPD film deposited at 0.85 Tg . The thickness of the
liquid-quenched glass, at the deposition temperature of 0.85 Tg (= 280 K) where density
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change values are determined, can be found as follows.
 




T − Tg
M +G
M −G
ln cosh
+ (T − Tg )
+c
hLQ (282K) = w
2
w
2





6.5 × 10−4 − 1.8 × 10−4
280 − 330
= 12 ×
× ln cosh
2
12


−4
−4
6.5 × 10 + 1.8 × 10
+ (280 − 330) ×
+ 0.99012
2


T = 280 K

= 0.97917
(4.7)
The density increase of the as-deposited glass compared to a liquid-quenched glass is
experimentally determined to be 1.33%. (Refer to Figure 4.4 for density increase values of
other thicknesses and deposition temperatures.) Since the density change is defined as
∆ρ = hLQ /hSG − 1, we can find the normalized thickness of the stable glass at 0.85 Tg .
hSG, 200 nm (280K) = hLQ (280K) / (1 + ∆ρ200 nm )
(4.8)
= 0.97917 / (1 + 1.33%) = 0.96632
At 0.85 Tg , the supercooled liquid has a specific volume of:
hSCL (280K) = hSCL (348K) − αSCL (348 K − 280 K)
= 1 − (6.5 × 10−4 K−1 ) × (348 K − 280 K)

(4.9)

= 0.95580

By comparing Equations (4.8) and (4.9), we can readily observe that a 200-nm stable glass
of TPD deposited at 0.85 Tg is not denser than its supercooled liquid counterpart.
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4.8.2. Estimation of Absolute Mass Density.
To compare the density of as-depostd SGs with that of crystalline TPD, literature values
of TPD crystal and glass density were used. The repored value of the density of TPD
glass is ρg = 1.08 ± 0.01 g/cm3 and the density of monoclinic TPD single crystals is
ρcrys = 1.173 g/cm3 . 111–113 Assuming ρLQ = 1.08 g/cm3 at 298 K, we can obtain the
density for the most stable glass reported in this study to be near crystalline density.
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Figure 4.10. Estimated density (in grams per cubic centimeter) of vapor deposited TPD
glasses as a function of deposition temperature for various film thicknesses. Dashed line is
plotted from the results of Figure 4.11B.

4.8.3. Calculation of the Equilibrium Density Limit
Values of the equilibrium density limit (in relative values), as defined by the density
difference between the supercooled liquid and the liquid-quenched glass of TPD, is
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calculated by the following equation.
hLQ
ρSCL − ρLQ
=
−1
ρLQ
hSCL
h(Tg ) − G (Tg − T )
=
−1
h(Tg ) − M (Tg − T )

∆ρeq (T ) =

(4.10)

Where hLQ and hSCL are the normalized thickness of the liquid-quenched glass and that of
the supercooled liquid of a TPD film, respectively. The normalization factor is the TPD
film thickness at 348 K (= Tg + 18 K). Density difference between a stable glass and its
liquid-quenched counterpart deposited at Tg is assumed to be 0. The magnitude of density
difference as a function of deposition temperature is shown in Figure 4.11.
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for the supercooled liquid and liquid-quenched glass (formed at a cooling rate of 10 K
min-1 ).
(B) Equilibrium density limit, defined by the difference in density between supercooled
liquid and liquid-quenched glass, as a function of temperature in the molecular glass
system of TPD.

Note that in Equation (4.10), we are calculating the normalized thickness of the liquidquenched glass through two linear segments of the thermal expansion coefficients of the
supercooled liquid and the liquid-quenched glass, instead of the value of the thickness of
liquid-quenched glass from the fit model; it has been shown that the thickness values of the

98

liquid-quenched glass from the two approaches are close enough to each other below 0.95
Tg .
The thickness of the film at Tg can be determined by extrapolation along the supercooled
liquid thermal expansion curve. The specific volume of the liquid-quenched glass at Tg is:
hSCL−LQ (330 K) = hSCL (348 K) − αSCL (348 K − 330 K)
= 1 − (6.5 × 10−4 K−1 ) × (348 K − 330 K)

(4.11)

= 0.98830

The equilibrium density limit as a function of deposition temperature, ∆ρeq (T ), can be
expressed as:
h(Tg ) − G (Tg − T )
−1
h(Tg ) − M (Tg − T )
0.98830 − 1.8 × 10−4 K−1 × (330 K − T )
−1
=
0.98830 − 6.5 × 10−4 K−1 × (330 K − T )

∆ρeq (T ) =

(4.12)

As an example, the equilibrium density limit at 0.85 Tg , denoted as ∆ρeq (0.85 Tg ), is:

∆ρeq (0.85 Tg ) =


0.98896 − 1.9 × 10−4 × (332 − 282)
− 1 × 100%
0.98896 − 6.9 × 10−4 × (332 − 282)

(4.13)

= 2.46%

An easier way to visualize the fact that the 200-nm stable glass deposited at 0.85 Tg is less
dense than supercooled liquid, is to compare the density increase values with respect to
liquid-quenched glass. The vapor deposited glass is 1.33% denser than liquid-quenched
glass, whereas the supercooled liquid is 2.46% denser than liquid-quenched glass.
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4.8.4. In Situ SE Data Fitting – Birefringence: On or Off?
In Chapter 3, we have discussed the criteria for whether the birefringence parameter, δρ,
should be included in the Cauchy model for fitting SE data. However, those discussions
were limited to static glass films subject to one-time measurements. Here, we shall
illustrate the results of birefringent versus non-birefringent fitting with the examples of
53 nm and 203 nm PVD films, given in Figures 4.12 and 4.13 respectively. The fitting
results confirm the legitimacy of the criteria with the 60 – 80 nm being the thickness
cutoff between birefringent (h ≥ 80 nm) and non-birefringent (h ≤ 60 nm) fitting. The
density change values obtained from non-birefringent and birefringent fitting of in situ SE
data tracking the transformation of PVD films deposited at Tdep = 0.85 Tg are presented
in Figure 4.14.
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Figure 4.12. Comparison between isotropic (dark blue) and anisotropic fit (light blue),
distinguished by whether the birefringence parameter is fitted in the Cauchy model.
Results are shown for a ∼50-nm TPD film vapor deposited at 0.85 Tg . Fit results of (A)
MSE, (B) birefringence, and (C) film thickness are shown as a function of time or
temperature. Legends in all three subfigures are identical. Inset in (B) shows an estimated
systematic error of birefringence, based on the magnitude of deviation of the birefringence
of supercooled liquid from 0. Density change values for both fits are shown in (C). Since
the MSE of both fits are close enough to 1, the accuracy of the two fitting results should be
similar. However, we observe from (B) that there is no significant birefringence within the
stable glass film. In this case, the isotropic fit is preferred over the anisotropic fit to avoid
overfitting. In fact, overfitting can be readily observed in (C) where the fluctuation (noise
level) in film thickness for the anisotropic fit is larger than the isotropic fit.
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Figure 4.13. Comparison between isotropic (yellow) and anisotropic fit (brown),
distinguished by whether the birefringence parameter is fitted in the Cauchy model.
Results are shown for a ∼200-nm TPD film vapor deposited at 0.75 Tg . Fit results of (A)
MSE, (B) birefringence, and (C) film thickness are shown as a function of time or
temperature. Legends in all three subfigures are identical. Inset in (B) shows an estimated
systematic error of birefringence, based on the magnitude of deviation of the birefringence
of supercooled liquid from 0. Density change values for both fits are shown in (C). Since
the MSE of the anisotropic fit is significantly lower than that of the isotropic fit, the
anisotropic fit is favored over the isotropic fit.
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Figure 4.14. Comparison between fit results obtained from the isotropic (circle) and
anisotropic (square) version of the Cauchy model. Accepted fitting results are shaded
while rejected fitting results are open symbols.

4.8.5. Deviation (Inflation) of Refractive Index in Thin Films
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Figure 4.15. Refractive index of as-deposited PVD films. For films with strong
birefringence, the average refractive index, calculated by Equation (4.5), was used.
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Figure 4.16. Refractive index profiles (λ = 632.8 nm) of films at various temperatures as
a function of thickness. (A) Refractive index of LQ glass at 298 K, and SCL at 348 K and
353 K. It should be noted that the refractive index at a given temperature is, in general,
higher in thin films than in thick films. (B) The values of A and B parameters in the
Cauchy model for SCL at 348 K. (C) The values of A and B parameters in the Cauchy
model for SCL at 353 K.
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birefringence and roughness are fixed to 0.
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CHAPTER 5 : Effect of Film/Substrate Interactions on the Stability of
Vapor Deposited Molecular Glasses
”Effect of Film/Substrate Interactions on the Stability of Physical Vapor Deposited
Molecular Glasses.” Yi Jin, Yue Zhang, Sarah Wolf, Connor Woods, Subarna Samanta,
Zahra Fakhraai. Manuscript in preparation.

5.1. Abstract
In recent years, it has been demonstrated that in ultrathin molecular films, the long-range
correlated dynamics induced by the free surface play important roles in the glass transition
temperature, apparent activation barriers for rearrangement, and also the density of vapor
deposited thin films. Film/substrate interactions have been shown to affect glass transition
temperature (Tg ) and correlated length-scale of dynamics in thin supported molecular glass
films. In this study, we investigate the film/substrate effect on the density of vapor deposited
thin molecular glass films. The model system studied here is the glass forming molecule,
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), vapor deposited on a substrate
coated with an ultrathin (5 – 10 nm) highly absorbed polystyrene layer (referred to as
dead layer). The dead layer functions to modify the glass/substrate interface interactions
from weakly interacting (TPD/silicon dioxide) to neutral interaction (TPD/PS). Thin PVD
films of TPD supported on dead layer in the thickness range of 20 – 50 nm show stronger
morphological stability. While the as-deposited density of the PVD films remains similar,
the kinetic stability against transformation to supercooled liquid when heated above Tg is
enhanced.
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5.2. Introduction
Thin films of glasses exhibit striking property differences from bulk films. 51,114–117 Due to
the reduced thickness of thin films, the free surface and the film/substrate interfaces become
more dominant in determining the overall properties of the films. Studies on the effect of
interfaces have been largely focused on polymeric glass films. In free standing polymer
thin films, the free surface was shown to enhance near-surface film dynamics, and thereby
enhancing the overall film dynamics, as revealed by Tg measurements 116,117 and direct nearfree surface measurements. 47,118–120 In thin films supported by substrates, there are two
interfaces – the free surface, and the film/substrate interface – simultaneously affecting the
overall film dynamics. The effect of film/substrate interactions are more pronounced in
the ultrathin regime. The substrate interface is characterized by parameters such as surface
energy, 121–124 roughness and rigidity. 125 The substrate interactions may play a role in the
near-substrate dynamics of the film, and by extension, the overall film dynamics.
Depending on the nature of the film/substrate interactions, the substrate interface can
suppress or enhance the near-substrate dynamics. 84,121 For example, among the ultrathin
films of various polymers supported on silicon substrates with a native silicon dioxide
layer, polystyrene (PS) shows reduced glass transition temperatures, due to the drastic
difference in polarity between silicon dioxide and polystyrene. In contrast, poly(2-vinyl
pyridine) (P2VP) shows increased Tg on the silicon substrates; there exists strong
hydrogen bonding interactions at the film/substrate interface. 126,127 In between, polymers
with strong polarity but weak hydrogen bonding interactions, such as poly(methyl
methacrylate) (PMMA), exhibit a Tg trend neither reducing nor increasing with decrease
in film thickness to ultrathin regime. This indicates a result of competition between the
enhancement of near-surface dynamics and suppression of near-substrate dynamics. 84
Glor et al. have shown that between the two distinct glass transitions, while the average Tg
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is reduced, the overall Tg is broadened. 70 The metric Tg by itself is thus insufficient to
illustrate all features of the glass transition; while an averaged Tg may remain constant,
the mobility gradients may still change at the substrate and surface. Simulation studies
have also observed that confinement effect on glass transition can be tuned by changing
the film/substrate interactions. 122,125
Given that the species of polymers used to form the dead layer can be highly variable, the
film/substrate interface can allow for many possible variations. Experimental approaches
for modifying the substrate interface to alter the extent of confinement effect include: (1)
coating silicon substrates with self-assembly monolayers (SAM), where surface energy is
modified; 124,128 and (2) introducing irreversibly absorbed polymer layer (dead layer) on the
substrate interface. 129–131 At an annealing temperature above Tg , the portion of polymer
melt in contact with the silicon oxide substrate is irreversibly absorbed to the substrate, and
forms an ultrathin polymer layer which replaces the interacting medium with oncoming
glass layers. The ultrathin polymer layer is known as a polymer dead layer; it affects the
near-substrate local dynamics of molecular glasses supported on it. 129,131
To date, most existing studies on the effect of film/substrate interactions have been
concentrated on polymeric glassy systems, whereas molecular glasses have remained
largely unexplored. Molecular glasses have a broad range of applications; amongst those,
nanometer-scaled molecular glasses have been widely applied in electronic devices, 7–9
nano-imprint lithography techniques 11 and protective coatings. 100 Similar to the existence
of correlated dynamics in polymer films, it has also been observed in the molecular glass
system of N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD). In the case of the
molecular glass TPD, when the film thickness is decreased to 50 nm and below, the film is
more prone to dewetting at temperatures well below Tg , 50 the apparent activation barrier
for structural rearrangements decreases, the film exhibits a more liquid-like dynamics.
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However, the origin of the long-range correlation of dynamics remains unclear. The
correlation could originate from the absence of bulk layers, or the more pronounced effect
of interfaces. To isolate one of the factors and eliminate the other, the approach here is to
alter the effect of the film/substrate interface, and investigate the resulting effect on the
glassy film. In a study by Zhang et al., it is shown that for liquid-quenched glass films of
TPD, while the film/substrate interactions is altered, the length of correlated dynamics do
not change, but the dynamics are, on average, slowed down when the film/substrate
interaction is strengthened. 71 The stability of glasses formed via physical vapor deposition
highly relies on the enhanced mobility of their film surface. Given that the length of the
correlation range does not differ but mobility is reduced, it would be interesting to find out
the effect of reduced substrate kinetics on the overall stability of the glass film.
In this study, we investigate the film/substrate effect on the thermodynamic and kinetic
stability of thin and ultrathin vapor deposited molecular glass films, in the model
molecular glass system of TPD. We apply the method of introducing an irreversibly
absorbed layer of polystyrene (5 – 10 nm thick) on the silicon substrate. The substrates in
comparison are the bare silicon substrate (SiOx -Si, weakly interacting with TPD), versus
the PS dead layer substrate (PS-SiOx -Si, neutral interaction with TPD). The wettability of
the as-deposited PVD film is improved significantly when the substrate changes from
SiOx -Si to PS-SiOx -Si, allowing for reliable measurement of density in the ultrathin
regime (as thin as 20 nm).

The as-deposited density of PVD films supported on

PS-SiOx -Si substrates is similar to that of films supported on SiOx -Si substrates, under the
same conditions (deposition temperature and thickness). However, the onset temperature
of transformation increases at a given heating rate when the film/substrate interaction is
switched from weakly interacting to neutral, indicating a stronger resistance towards
transformation of the stable glass into supercooled liquid. The increased kinetic stability
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of PVD films on PS-SiOx -Si allows for the vapor deposition of ultrathin films without the
occurrence of dewetting. From density measurements, we find that for PVD films of TPD
supported on PS-SiOx -Si, the maximum density is achieved at 25 – 30 nm, due to its
higher morphological stability in the ultrathin regime than PVD films supported on
SiOx -Si. The length scale of correlated dynamics, shown to be determined by the bulk
glass, is not likely to change despite the difference in the thickness range of the maximum
density PVD glass. The PS dead layer also stabilizes PVD films deposited above 0.90 Tg
against transformation into supercooled liquid. Using a neutral substrate can overcome the
limitation of decreased kinetic stability of a PVD film as its thickness is decreased. 26

5.3. Experimental Section
5.3.1. Preparation of PS-SiOx -Si Substrates
Polystyrene [atactic, Mw = 955 × 103 g mol-1 , Mw /Mn = 1.08, Tg = (370 ± 1) K as
determined by DSC (Figure 5.1)] was purchased from Polymer Source, and used without
further purification. PS was prepared into a 3 wt% toluene solution, and spincoated onto
silicon substrates using a spinning rate of 4,000 rpm for 60 s. The as-spun PS films were
annealed in a vacuum oven (10−2 Torr, Fisherbrand Isotemp Model 281A) at a temperature
of 433 – 443 K for 24 h to promote the growth of the PS dead layer near the silicon substrate.
The annealed PS films were then soaked with submicron-filtered toluene for 10 min, to
remove the unabsorbed PS. The soaking process was repeated a total of three times. The
PS dead layer films were rinsed with submicron-filtered toluene, blown with nitrogen to
remove residual dust, and dried by annealing at a temperature of 373 – 383 K for 3 h.
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Figure 5.1. Heat flow (in arbitrary units) as a function of temperature as measured by
DSC on a polystyrene (955 kg mol-1 ), upon cooling at a rate of 10 K/min. The Tg of TPD
as measured by DSC is (370 ± 2) K.

Spin-coated PS layer
SiOx–Si substrate

free PS layer

(1)

PS dead layer
SiOx–Si substrate

(2)

PS dead layer
SiOx–Si substrate

Figure 5.2. Scheme of the preparation process of the polystyrene dead layer. Step 1:
Anneal at 433 – 443 K for 24 h. Step 2: (a) Rinse with toluene; (b) Anneal at 383 – 393 K
for 3 h.

The smoothness of the resulting PS-SiOx -Si substrates were confirmed with atomic force
microscopy (AFM, Agilent 5420), while the thickness of the film was measured with
spectroscopic ellipsometry (J. A. Woollam M-2000V), prior to vapor deposition. (See
Figures 5.3 for details.)
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RMS 0.940 nm

RMS 0.580 nm

RMS 0.487 nm

D
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RMS 0.920 nm

RMS 0.837 nm

Figure 5.3. Morphology of a film throughout the preparation of polystyrene dead layer.
(A) A bare silicon wafer surface (SiOx -Si). (B) Polystyrene, spincoated (∼100 nm). (C)
Polystyrene free layer after in vacuo thermal annealing. (D) Polystyrene dead layer after
rinsing with toluene. (E) Polystyrene dead layer (5 – 10 nm) after annealing above Tg to
remove residual solvent and stress.

5.3.2. Physical Vapor Deposition
All TPD stable glass films with PS-SiOx -Si substrates (thereafter referred to as
TPD-PS-SiOx -Si, or TPD-PS) studied in this chapter were prepared by PVD, at a
deposition range of 0.78 Tg < Tdep < 1.03 Tg , between the thicknesses of 20 nm to
250 nm. Films thinner than 60 nm were deposited at 0.03 nm/s, while films thicker than
80 nm were deposited at 0.20 nm/s. PVD samples were restored to room temperature, and
spectroscopic ellipsometry was performed within 30 min of removing the sample from the
chamber.
5.3.3. Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) was used to determine the thickness and index of
refraction of as-deposited and transformed film, and also the thickness of the PS dead
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layer. The thickness of the polystyrene dead layer was fit to a Cauchy model with
A = 1.589 and B = 0.

The as-prepared PS dead layer films were subject to a

heat-and-cool cycle from 298 K to 358 K (highest temperature of isothermal annealing of
TPD stable glass), at ramping rates of 10 K/min. The consistency in the thickness at
298 K before and after the heat-and-cool cycle, as well as the consistency of thermal
expansion coefficients in the heating and cooling ramps were examined. Variation of the
thickness of PS dead layer on a silicon wafer can exist, but is shown to have minimal
effect on the determination of density change of TPD stable glass.
The as-deposited TPD-PS-SiOx -Si samples were fitted to a four-layer model, which
consists of a silicon layer, a 1-nm thick native silicon oxide layer, a PS dead layer and a
TPD glass layer (Cauchy). The PS dead layer has a refractive index fixed to n = 1.589 for
all wavelengths, and its thickness, h(T ), is coupled to temperature, T , by the following
equation:

h(T ) = h0 [1 + α(T − T0 )]

(5.1)

Where T0 is the room temperature (298 K), h0 is the predetermined thickness of the PS
dead layer film at 298 K, α is the thermal expansion coefficient of the PS dead layer, with
a value of (2.3 ± 0.1) × 10−4 K-1 , as determined according to Figure 5.4B. By separating
the expansion and contraction of the PS dead layer with temperature from that of the TPD
glass layer, the expansion coefficients of the TPD glass can be more reliably determined.
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Figure 5.4. (A) A heat-and-cool cycle of a 9-nm polystyrene dead layer, at ramping rates
of 10 K/min, between room temperature (298 K) and annealing temperature of stable TPD
glasses (358 K). The thickness is shown to stay consistent at both ends of the temperature
ramp. (B) Thickness as a function of temperature in the cooling ramp. The thermal
expansion coefficient of PS dead layer can be determined by dh/dT , as indicated by the
slope in red.

A dilatometry process is described as follows: PVD films were heated at 10 K/min to the
isothermal annealing temperature of Tg + 18 K (or Tg + 23 K for films thicker than 80 nm),
fully transformed to SCL (indicated by the thickness plateauing for over 5 min), then cooled
at 10 K/min to room temperature to form a LQ glass film. The density of the PVD glass is
calculated from the thickness of the TPD layer before and after transformation.
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5.4. Results and Discussion
5.4.1. Increased surface stability of as-deposited ultrathin TPD films supported on PSSiOx -Si
The morphology of as-deposited ultrathin TPD films supported on PS-SiOx -Si were first
compared with films supported on SiOx -Si. In Figure 5.5, we show the as-deposited
morphology of ultrathin films (20 – 30 nm) deposited at various temperatures relative to
bulk Tg , ranging from 0.85 Tg to 0.95 Tg . Between a pair of PVD films deposited at the
same temperature with the same thickness, we observe that the morphology is smoother
for the film deposited on PS-SiOx -Si in contrast to the film deposited on SiOx -Si.
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Figure 5.5. Morphology of as-deposited TPD films on weakly interacting (SiOx -Si) and
neutral (PS-SiOx -Si) substrates. The inset scale bar is 2 µm.

Consistent with findings from Chapter 4, the morphology of a PVD film on a given
substrate becomes rougher when deposition temperature is increased, suggesting
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increasing molecular mobility with increasing substrate temperature during deposition.
5.4.2. Density increase in ultrathin PVD films supported on different substrates
For TPD vapor deposited glasses deposited on different substrates, we have observed a
dependence of density increase on the substrate. We note that the density increase of a PVD
film is already exceeding the equilibrium limit of supercooled liquid in weakly interacting
substrates.
Figure 5.6 shows the change in thickness of PVD films supported on PS-SiOx -Si substrates,
throughout a dilatometry process, where a PVD glass is heated to an isothermal annealing
temperature above Tg , thoroughly transformed to supercooled liquid, and cooled to liquidquenched glass, at ramping rates of 10 K/min. We observed at the deposition temperature
of 0.85 Tg , the density increase in ultrathin TPD-PS films are higher than thicker films. This
is in agreement with results from Chapter 4, where thin PVD films supported on SiOx -Si
have highest density in the thickness range of 35 – 55 nm.
For films deposited at 0.90 T g, as thickness is decreased from bulk to ultrathin, the density
of the PVD film first undergoes a decrease between 50 nm and 100 nm, then increases as
it decreases below 30 nm. This can be interpreted as an interplay of the long-range
correlated dynamics of the bulk, and the film/substrate interaction. As the thickness
decreases below 100 nm, dynamics induced by the free surface makes the film more
susceptible to morphological changes such as dewetting. As the film becomes thinner, the
neutral interaction of the PVD film with the PS-SiOx -Si substrate increases the wettability
of the film near the substrate interface, and therefore allows the PVD film to locate more
efficient packing structures, thereby achieving higher density.
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Figure 5.6. Transformation of PVD films of TPD supported on neutral (PS-SiOx -Si)
substrate, deposited at (A) 0.85 Tg and (B) 0.90 Tg , into liquid-quenched glasses through a
dilatometry process.

To better present the thickness-dependent stability, the density increase of each TPD-PS
film is plotted as a function of film thickness of the liquid-quenched TPD-PS at 298 K, as
shown in Figure 5.7. To ease comparison, PVD glasses deposited on neutral and weakly
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interacting substrates were plotted in the same figure, for films deposited at 0.85 Tg and
0.90 Tg . In Figure 5.7A, the enhancement of density change on the PVD films supported
on PS-SiOx -Si substrates compared to SiOx -Si substrates is pronounced in the ultrathin
regime, below 30 nm. This suggests that the stronger film/substrate interactions of TPD-PS
films increase the morphological stability of the PVD glass, allowing for more spatially
effective packing structures.
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Figure 5.7. The density increase of PVD films of TPD supported on weakly interacting
(SiOx -Si) and neutral (PS-SiOx -Si) substrates, deposited at (A) 0.85 Tg and (B) 0.90 Tg .
The density of the supercooled liquid at the given Tdep is labeled on the right axis.
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The enhanced morphological stability is more pronounced in PVD films deposited at higher
temperatures, since the rate of dewetting increases with deposition temperature. Figure 5.8
shows the difference in density for PVD films of various thicknesses supported on neutral
and weakly interacting substrates. The stabilization effect of the PS-SiOx -Si substrate is
largely seen in the thickness range of 30 – 70 nm. Since PVD films thinner than 50 nm
deposited at 0.95 Tg on weakly interacting substrates readily dewet during the deposition
process, the fact that their neutral interacting substrate counterparts measure a positive
density value is a clear indication of the stabilization from neutral substrates.
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Figure 5.8. The density increase of PVD films of TPD supported on weakly interacting
(SiOx -Si) and neutral (PS-SiOx -Si) substrates, deposited at (A) 0.85 Tg and (B) 0.90 Tg .
The density of the supercooled liquid at the given Tdep is labeled on the right axis. The
open symbols represent negative density change values which indicate that films have
dewetted before or during transformation.

5.4.3. Enhanced kinetic stability of PVD films supported on PS-SiOx -Si
In addition to the enhanced stability of thin PVD films of TPD by the neutral substrate,
PS-SiOx -Si, we also observed an increased kinetic stability of PVD films supported on
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PS-SiOx -Si substrates in contrast to SiOx -Si substrates. The temperature at which the
transformation of a stable glass to supercooled liquid begins to occur, at a given heating
rate, is known as the onset temperature of transformation (Tonset ). Figure 5.9 shows the
thickness profile of PVD films deposited at 0.85 Tg on weakly interacting and neutral
substrates, with the example of a pair of ultrathin films and a pair of bulk films. As
mentioned before, the density of the ultrathin film vapor deposited on the neutral substrate
is higher than its weakly interacting substrate counterpart, whereas the bulk film observes
no significant enhancement in density. However the onset temperature of transformation
(heating at 10 K/min) was also observed to increase when the substrate is switched from
weakly interacting to neutral, both for the ultrathin films and the bulk films.
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Figure 5.9. Normalized specific volume of vapor deposited TPD glass films throughout a
heat-and-cool dilatometry process, where vapor deposited glass was transformed to
liquid-quenched glass. Films of ultrathin (∼20 nm) and bulk (∼200 nm) thicknesses,
deposited on weakly interacting (SiOx –Si) substrate and neutral (PS–SiOx –Si) substrate
are shown. An increase in both kinetic and thermodynamic stability was observed for an
ultrathin film deposited on neutral substrate compared to its weakly interacting
substrate-supported counterpart.

A plot of onset temperature of transformation as a function of thickness for PVD films
deposited on weakly interacting versus neutral substrates is plotted in Figure 5.10. We
observe that the onset temperature of PVD films increases when the substrate is switched
from weakly interacting to neutral.
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Figure 5.10. The onset temperature of transformation, upon heating at 10 K/min, of PVD
films of TPD supported on weakly interacting (SiOx -Si) and neutral (PS-SiOx -Si)
substrates, deposited at 0.85 Tg .

5.5. Conclusions
In summary, we report the enhancement of kinetic and thermodynamic stability of thin
PVD films supported on a neutral interacting substrate in comparison to a weakly
interacting substrate.

Morphology on films of various thicknesses at deposition

temperatures below Tg were compared.

We show that the morphological stability

increases when the supporting substrate of the PVD films is switched from weakly
interacting to neutral. In light of the enhanced morphological stability, PVD films on
neutral substrates had higher density than their weakly interacting substrate counterparts
in the ultrathin (below 30 nm) regime, and in the higher deposition temperatures (above
0.90 Tg ). Furthermore, the kinetic stability of PVD films is higher when deposited on
neutral substrates, as indicated by their higher onset temperature of transformation. These
results suggest that the coating of substrates with a polymer dead layer can provide a
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means of stabilizing PVD films.

5.6. Future Directions
In addition to weakly interacting substrates and neutral substrates, the degree of
film/substrate interactions can be further fine tuned. For example, in the case of the TPD
molecule, where tertiary amine groups are present, we may expect it to interact more
strongly with polymer substrates such as PMMA or P2VP. Where the geometry of the
glass forming molecule is concerned, the scope of molecules can be expanded to include
other species in our lab, such as trisarylbenzene derivatives. For a systematic study of
density of neutral substrate-supported PVD films as a function of deposition temperature,
PVD experiments with temperature-gradient samples, similar to those in Chapter 4, can be
performed.
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5.8. Supplementary Details
5.8.1. Preparation of polystyrene dead layers
In the preparation of PS dead layers, a high molecular weight variant of polystyrene was
used compared to existing studies. 71 The higher viscosity in higher molecular mass
polymer melts reduces the rate of dewetting, and therefore less morphological features are
observed on the dead layer substrate. Spincoating was preferred over dropcasting the PS
toluene solution on bare silicon substrates to avoid impurities in the solution to remain on
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the surface. Due to the high dissolving power of toluene, submicron filters were selected
to not introduce contaminants on the film. PS dead layer films were flushed with fresh
toluene on a piece-by-piece basis to avoid cross contamination.
5.8.2. The accuracy of determination of density increase, as a function of PS dead layer
thickness
Although variation of thickness can occur on a film of PS dead layer, the density increase
measured for a given stable glass film is shown to differ by less than 0.05% if the thickness
of the PS dead layer thickness in the fitting model was given a value ±1 nm away from its
actual value. Figure 5.11 illustrates an example where the density increase of a 30-nm PVD
film supported on PS-SiOx -Si, deposited around 0.90 Tg , was measured by dilatometry in
SE.

Figure 5.11. Morphology of a film throughout the preparation of polystyrene dead layer.
(A) A bare silicon wafer surface (SiOx -Si). (B) Polystyrene, spincoated (∼100 nm). (C)
Polystyrene free layer after in vacuo thermal annealing. (D) Polystyrene dead layer after
rinsing with toluene. (E) Polystyrene dead layer (5 – 10 nm) after annealing above Tg to
remove residual solvent and stress.
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5.8.3. Dead layers of poly(α-methyl styrene)
To allow for the transformation of high-Tg PVD glasses, as well as non-mixing of the
molecular glass and the dead layer substrate, a structural analogue of the polymer
polystyrene is examined. Poly(α-methyl styrene) (PαMS, Tg = 413 K) was prepared into
a polymer dead layer in a similar method as PS, as described in the Experimental Section,
except for the annealing temperature raised to 473 K in the dead layer formation step, and
423 K in the stress removal step.

126

CHAPTER 6 : Physical Vapor Deposited Glasses Formed in a Sublimation
Apparatus with Substrate Temperature Control
6.1. Abstract
The physical vapor deposition process is typically performed in ultra-high vacuum
systems, where pressure is as low as 10−7 Torr. Here we show that the pressure of
10−4 Torr, achievable in most laboratories through a Schlenk line, can be used to prepare
stable glasses of significant stability without the need for ultra-high vacuum. 25,75 A simple
sublimation glass apparatus was modified to accomodate a temperature controlled surface
where substrates were adhered, to deposit the glass forming materials. Films formed in the
sublimation apparatus were several tens of microns thick, and characterized by differential
scanning calorimetry.

The stability of PVD glasses formed by sublimation was

comparable to PVD glasses formed under ultra-high vacuum conditions – the fictive
temperature of PVD glasses formed by sublimation were as much as 30 K lower than the
glass transition temperature, and the onset temperature of transformation was also
significantly higher than the glass transition temperature. These results demonstrate the
possibility of using low vacuum deposition apparatus for the preparation of stable PVD
glasses.

6.2. Introduction
The preparation conditions of molecular glasses during the deposition process can have a
profound effect on the properties of the as-deposited material. Recent work has shown
that by varying the substrate temperature during deposition, the density, 1,30,44 molecular
orientation 36,87 other thermodynamic properties 26,28,29 of the deposited glass can be
changed. Deposition rate can also affect the properties of vapor deposited glasses. The
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need to control multiple experimental parameters simultaneously has called for high
vacuum deposition chambers with sophisticated designs. For this reason, stable glass
preparation in existing studies have focused on ultra-high vacuum systems.
A decade ago, Zhu and Yu have shown that a simple sublimation apparatus could be used
to prepare stable glasses of various pharmaceutical solids. 75 The sublimation apparatus is
generally used to purify organic solids.

Using a single deposition temperature and

deposition rate, stable glasses formed in the sublimation apparatus had fictive
temperatures comparable to those produced in ultra-high vacuum chambers. Following
this study, Kearns et al. conducted a systematic study on the effect of deposition rate on
the stability of as-deposited glasses formed by sublimation at a single temperature. 25
However, the possibility of temperature control in the sublimation apparatus for PVD
remains unexplored.
There are apparent advantages of conducting PVD experiments in a system with moderate
vacuum level. A glass-based (Pyrex) vacuum setup is much more accessible to an average
research lab compared to a UHV setup. The construction and maintenance of a Schlenk
vacuum line is also much simpler than that of a UHV system. Through the findings in
the experiments in this chapter, the to-be-deposited glass forming molecules were heated
at a lower temperature in the Pyrex sublimation vessel than in the alumina crucible of the
UHV chamber. This implies that the sublimation setup provides more suitable conditions
for PVD experiments where molecules with less thermal stability are involved.
In this study, the effect of deposition temperature on the properties of two common glass
forming molecules, TPD and 1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene (abbreviated as
α,α,β-TNB, or simply TNB), is discussed. Glasses of these two molecules were prepared
by a simple glass sublimation apparatus, modified to allow temperature control on the
deposition substrate.

Several tens of micrometers thick films were deposited and
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characterized using differential scanning calorimetry (DSC). The fictive temperature and
onset temperature of PVD glasses obtained by sublimation was examined as a function of
deposition temperature. The results were nearly identical to the dependence of stability on
the deposition temperature in ultra-high vacuum systems.

6.3. Experimental Section
General procedures were described in Chapter 2. In this study, stable glasses of two glass
forming molecules, TPD and TNB, have been prepared by sublimation. In a generic
sublimation process, the average deposition rate was determined to be 0.2 – 0.3 nm/s, for a
duration of 40 – 44 h.

To achieve this rate, the oil bath temperature was kept at

(443 ± 1) K when subliming TPD, and (453 ± 2) K when subliming TNB.

6.4. Results and Discussion
6.4.1. PVD films supported on silicon substrates formed via sublimation
The PVD films supported formed in a sublimation apparatus under a nominal deposition
rate of ∼0.2 nm/s has yielded large variations in the surface morphology, with the RMS
value of topology under AFM ranging from 10 nm to 40 nm. Due to the roughness of the
as-deposited film, the density increase cannot be reliably determined through spectroscopic
ellipsometry.
The roughness of the morphology was attributed to several factors. Since the deposition
substrate was only 3 – 4 cm away from the heated material, the largely random motion of
molecules results in a random packing on the surface, hampering the equilibration process
on the surface while maintaining the same deposition rate. Also, the large amplitude of
physical vibration of the apparatus throughout the deposition process might impact the
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relative motion between the as-deposited molecules and the substrate.
In the following parts of this chapter, all PVD glass samples were studied by DSC.
6.4.2. Fictive temperature as a function of deposition temperature
The fictive temperature of a PVD glass sample is determined from heat capacity
measurements using the equal area construction formalism presented by Moynihan et
al., 77 as given by Equation (2.16). However, due to instrumental limitations, where the
heat capacity undergoes deviations shortly after calibration, the error in the fictive
temperature is large. Additionally, when the ramping rate of the heating process was too
fast, the transformation of the entire sample could happen abruptly, yielding a shape of
endotherm with little transformation width, and thus the fictive temperature cannot be
reliably determined. An example of such a DSC curve is given in Figure 6.1.
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Figure 6.1. An example of vapor deposited TPD formed by sublimation at
Tdep = (297 ± 2) K (0.90 Tg ), whose heat capacity during the process of transformation
was measured by DSC. The temperature ramping was performed by heating at 10 K/min
from 273 K to 523 K, isothermal holding for 20 min, followed by cooling at 10 K/min
from 523 K to 273 K. The Tonset was determined to be 362 ± 2 K, while the fictive
temperature cannot be correctly determined due to the abrupt transformation process of
the sublimed TPD to SCL TPD.

6.4.3. Onset temperature as a function of deposition temperature
The onset temperature of transformation, determined from the extrapolation of the liquidquenched glass line and the tangent of the endothermic enthalpy relaxation peak, is less
dependent on the absolute accuracy of heat capacity measurements, implying a smaller
magnitude of error. Figures 6.2 and 6.3 show the change in onset temperature as a function
of deposition temperature.
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Figure 6.2. Onset temperature of transformation, as a function of deposition temperature,
for vapor deposited TPD formed by sublimation.
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Figure 6.3. Onset temperature of transformation, as a function of deposition temperature,
for vapor deposited TNB formed by sublimation.
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We can observe that the temperature range yielding the highest onset temperature for both
molecules is 0.80 – 0.85 Tg . We interpret this change in Tonset as related to the mobility of
glass molecules at the free surface during deposition. As substrate temperature is initially
lowered, an increasing driving force to energetically lower positions is created, and
sufficient molecular mobility at the free surface allows these positions to be reached.
Further lowering the substrate temperature would further increase the driving force;
however, the surface mobility required to reach the low energy states is lost.
Since the distance between the substrate and the heated material in the sublimation
chamber is much smaller than the distance in the ultra-high vacuum chamber in our lab,
this implies that at the same deposition rate of 0.2 nm/s, the local molecular flux near the
heating source is smaller in the sublimation apparatus than in the ultra-high vacuum
chamber. Therefore, the partial vapor pressure of the heated molecules should also be
lower in the sublimation apparatus than in the ultra-high vacuum chamber. This means
that a lower heating temperature is required for the evaporation/sublimation of glass
forming materials, and thus we can potentially deposit heat-sensitive materials more
successfully in the sublimation apparatus than in a ultra-high vacuum chamber.

6.5. Summary and Outlook
We showed that a simple sublimation apparatus can be modified to deposit stable molecular
glasses at a range of substrate temperatures. The effect of deposition temperature was
studied for the first time with this new kind of apparatus, and the results shown here were
consistent with glasses prepared in an ultra-high vacuum system. The thermodynamic and
kinetic stability of PVD glasses formed through sublimation were characterized by Tf and
Tonset respectively.
Future directions in this work include optimizing the sublimation apparatus to allow for
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a more controllable and uniform deposition rate. Another avenue of development is to
attempt to form PVD glasses of low Tg compounds, such as tetra-aryl group IV compounds,
in the sublimation chamber.
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CHAPTER 7 : Glass Transition Dynamics of Miscible Molecular Mixtures
7.1. Abstract
We use temperature modulated differential scanning calorimetry (DSC) to probe the
relaxation dynamics of solid state miscible blends of glass forming organic molecules.
This study focused on the following binary mixtures: (1) TPD and α,α-phen; and (2) TPD
and NPD. The preliminary results show that two separate glass transition temperatures
were not resolved in a binary molecular blend for any composition of the two components,
and instead combined as one glass transition temperature, in contrast to previously
reported polymer blends. The relationship between the weight composition of a mixture
and its corresponding Tg was analyzed with the Fox model.

7.2. Introduction
Blends of materials have been of keen interest in research; by combining different species,
a mixture of custom-tailored physical or chemical properties can be custom-tailored to suit
various applications. For example, in the field of polymers, properties such as melting
point, tensile strength, modulus, viscosity and other elastic properties can be fine-tuned
by methods such as copolymerization of various monomer units, or simply the physical
combination of two or more polymers. 132–134
The glass transition temperature is a specific property of interest for polymeric materials;
however, miscible polymer blends have been known to exhibit complicated dynamic
phenomena, such as broad calorimetric glass transition width. 135 More recently, many
approaches have been developed to better understand the unusual dynamics in miscible
polymer blends. As an example, the Lodge-McLeish (LM) model provides quantitative
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predictions of dynamics of many miscible polymer blends in the high-temperature regime
(well above the Tg of the polymer blend). To date, it has been well established that distinct
segmental properties of miscible polymer blends give rise to the unique properties of the
blend in overall. Interestingly, a general feature exists in miscible polymer blends that
only a single broad calorimetric Tg is present; 136 attempts have been made to resolve the
heat capacity of multi-component mixtures into separate Tg ’s. Questions remain about the
interpretation and generality of such phenomenon – two glass transitions may occur in
limited compositions and involve complicated fitting processes, and other processes such
as crystallization in certain polymers can cause additional complication.
Despite the wide application of molecular glass materials, mixtures of miscible molecular
blends have yet to receive systematic investigation. The main distinct characteristic of
oligomeric molecular systems in contrast to polymeric systems is the absence of chain
entanglement effects, and therefore the lack of any local self-concentration effect due to
chain connectivity. In light of this difference, many of the prediction models in polymeric
mixtures do not necessarily apply to molecular mixtures.
The glass transition temperature of a polymeric mixture can be modified by tuning the
composition of its components; this effect is described by the Fox equation:
w1
w2
1
=
+
Tg
Tg,1 Tg,2

(7.1)

Where w1 and w2 are weight fractions of components 1 and 2, respectively.
In this study, we perform temperature-modulated DSC measurements on the following
miscible
(1)

molecular

mixtures:

N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine

9-(3,5-di(naphthalen-1-yl)phenyl)phenanthrene
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(α,α-phen);

(TPD)

and
and

(2)

N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine

(TPD)

and

N,N’-bis(naphthalen-1-yl)-N,N’-diphenylbenzidine (NPD). (The glass forming molecules
are shown in Table 7.4.) The experimental Tg values were compared against the Fox
model to examine the accuracy of polymer-based models in predicting glassy dynamics of
miscible molecular blends.
Table 7.4. Glass forming molecules in molecular blends.

Chemical name

Chemical structure

Tg / K

Molecular weight
/ (g mol-1 )

N,N’-bis(3-methylphenyl)N,N’-diphenylbenzidine
H3C

N

N

(TPD)

CH3

330 ± 1

516.67

370 ± 1

588.74

363 ± 1

506.20

N,N’-bis(naphthalen-1-yl)N,N’-diphenylbenzidine
N

N

(NPD)
9-(3,5-di(naphthalen-1-yl)phenyl)
phenanthrene

(α,α-phen)
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7.3. Experimental Section
All chemicals were dried in a vacuum oven at 373 K to remove moisture. DSC samples
were prepared by loading 5 – 10 mg of powderish chemicals in a DSC aluminum pan, with
the mass of each component larger than 1.5 mg. No physical mixing was performed prior
to sealing the DSC pans hermetically. Consistent with generic procedures, the mixtures
were cooled twice at 10 K/min to obtain Tg values. In cases where two distinct Tg ’s were
anticipated, slower cooling rates (down to 1 K/min) were used. In the first heating ramp,
the temperature setpoint was set to be at least 50 K above the higher melting point of the
two components, and held for at least 20 min to allow the liquids of the two components to
thoroughly mix.

7.4. Results and Discussion
In all the molecular blend samples studied here, only one glass transition feature is
observed. The overall glass transition temperature of a molecular blend, and the width of
the glass transition, defined as w = T+ − T− , are examined as a function of its
composition, as plotted in Figures 7.1 and 7.2.
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Figure 7.1. (A) Glass transition temperature (left axis) and (B) transition breadth (right
axis) as a function of composition in molecular blends of glass forming molecules, TPD
and α,α-phen.
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Figure 7.2. (A) Glass transition temperature (left axis) and (B) transition breadth (right
axis) as a function of composition in molecular blends of glass forming molecules, TPD
and NPD.

As observed in Figure 7.1, for molecular blends of TPD and α,α-phen, the Fox model yields
closer predictions to the actual glassy dynamics of a blend when the weight composition of
TPD is less than 40%. As the composition of TPD is increased over 50%, the blend behaves
similarly to a pure TPD. The glass transition breadth is shown to widen the most when the
weight composition of TPD in the blend is near 30%. Whereas in Figure 7.2, for molecular
blends of TPD and NPD, the Fox model predicts the glass transition temperatures of the
blends to be within 5 K of the actual values. The width of the glass transition is not shown
to widen in the intermediate compositions.
The preliminary data shown above demonstrate that the accuracy of the Fox model,
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traditionally applied to polymeric mixtures, has varying performances in predicting the
glass transition temperature of molecular mixtures. Note that in both sets of mixtures, the
component TPD has the lower pure Tg , and is likely to maintain high mobility within the
blend at temperatures below the pure Tg of the other component. The dominance of TPD
in a TPD/α,α-phen blend over 50% TPD to show glass transition completely resembling
pure TPD can be explained by the TPD having a lower Tg than α,α-phen. However, such a
strong dominance was not observed in the TPD/NPD mixture. The α,α-phen and NPD
molecules have similar Tg ’s (only 5 K apart), therefore it can be inferred that the
molecular structure has effects on the overall Tg of the mixture which should be further
investigated.

TPD and NPD both have tertiary amino groups, while α,α-phen is a

hydrocarbon. We speculate that the intermolecular interactions in the TPD/NPD mixtures
is stronger than in the TPD/α,α-phen mixtures. The disentanglement of the effects of the
magnitude of Tg and the effects of intermolecular interactions should be more thoroughly
examined.
A scenario with two distinct glass transitions was not observed in this study. Aside from
fitting methods to deconvolute the glass transition of each component, to observe two glass
transitions, the difference between the Tg ’s of the two components is expected to be large
enough (∼215 K). 134

7.5. Summary and Outlook
The glass transition dynamics of solid-state molecular blends of the glass forming
molecules TPD, NPD and α,α-phen have been preliminarily studied. Looking forward,
the following approaches are proposed.
(1) The effect of intermolecular interactions needs to be isolated from the effect of
domination of a component due to its lower Tg . A cross examination can be performed
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between a pair of hydrocarbon molecules and a pair of tertiary amine molecules, with the
two high Tg ’s close to each other and likewise for the two low Tg ’s.
(2) All data reported in this study were conducted at a cooling rate of 10 K/min. In the
future, for a mixture with two components having a large Tg difference, a series of cooling
rates can be performed to observe whether the distinction of two glass transitions can be
amplified by speeding up or slowing down the cooling rate.
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